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‘Antimicrobial peptides are important members of the host defense system. They have a broad ability to kill microbes, 
‘Antimicrobial peptides and proteins form an important means of host defense in eukaryotes. Large antimicrobial 
proteins (>100 a..), are often lytic, nutrient-binding proteins or specifically target microbial macromolecules. Small 
‘antimicrobial peptides act by disrupting the structure or function of microbial cell membranes. A multitude of antimicro- 
bial peptides have been found in the epithelial layers, phagocytes and body fluids of multicellular animals including man, 
Beside their role as endogenous antibiotics. antimicrobial peptides have functions in inflammation. wound repair and 
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‘Mannose Receptor, mouse, mAb MSDS. 
‘Mannose Receptor, human, mAb 15.2, Biotin 
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(MPO, rat, mAb 204, FITC i 
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Proteinase 3 (PRS), human, mAb WGM2 
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‘SLPI, human, mAb 31 
‘SLPI, human, mAb 31, Biotin... 
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Rt, CD71, human, MAD 3B8 2A1 
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CELL BIOLOGY 
‘SCF™® Controls the Oscillation of the Circadian Clock by Directing 
the Degradation of Cryptochrome Proteins 


1. Busing et al. 
10.1126)science.1141194 


The After-Hours Mutant Mouse Reveals a Role for Fbal3 in Determining 
‘Mammalian Circadian Period 
5. LH. Godinho et al. 

10.1126/science.1141138 
Genetic and biochemical screens identify the same protein which determines period 
length ofthe circadian clack by degradation of a known component. 


CELL BIOLOGY 
Revisiting the Role of the Mother Centriole in Centriote Biogenesis 
‘A Rodrigues: Martins et al. 
‘New centrioles can form inthe absence of an existing centriole, showing that 
the process occurs by template-ree self-assembly. 
10.1126/science.1142950 


CONTENTS L 


MEDICINE 

‘MET Amplification Leads to Gefitinib Resistance in Lung Cancer 

by Activating ERBB3 Signaling 

1.A. Engelman etal. 

Human lung cancers can become resistant to a kinase inhibitor by producing 

"multiple copies of a gene in the same pathway, bypassing the inhibited step. 
10.1126/science.1141478 

GENETICS 

‘A Genome-Wide Association Study of Type 2 Diabetes in Finns Detects 

‘Multiple Susceptibility Variants 

LJ. Scattet al 


Genome-Wide Association Analysis Identifies Lo 
and Triglyceride Levels 
Diabetes Genetics Initiative 


10.1126/science.1142358 


Replication of Genome-Wide Association Signals in U.K, Samples Reveals 
Risk Loci for Type 2 Diabetes 
E, Zeggini et al 

10,1126/science.1142364 
The heresitary component of type 2 diabetes reflects the contribution of a east 10 
‘genetic variants, each with a modest effect on risk 
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S.J. Bilinge and I. Levin 
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Fast Routing in Road Networks with Transit Nodes 
H. Bast, S. Funke, P. Sanders, D. Schultes 

Careful consideration of early access routes toa faraway destination 
permits much faster algorithms for choosing the optimal rout. 
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OCEAN SCIENCE 
Revisiting Carbon Flux Through the Ocean's 
Twilight Zone 

K.0. Buesseleret al. 

Loss of sinking particles in the “twilight” zone ofthe ocean 
(150 to 500 meters) by remineratization or destruction varies greatly, 
complicating estimates of carbon sequestration, 
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NEUROSCIENCE 
A Selective Activity-Dependent Requirement for 
Dynamin 1 in Synaptic Vesicle Endocytosis 

S.M. Ferguson et.al. 

‘Asmall regulatory protein is required for recycling of synaptic 
‘vesicles during high-frequency neuronal activity, but an independent 
inecharism maintains basal cycling. 
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MOLECULAR BIOLOGY 
Control of Stress-Dependent Cardiac Growth and 
Gene Expression by a MicroRNA 

E. van Roof et al. 

‘AmicroRNA coded within an intron of a myosin gene increases the 
pathological expression of embryonic myosin aftr stress. 
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REPORTS 


PHYSICS 
Environment-Induced Sudden Death of Entanglement 579 
M. P. Almeida et al. 

Entanglement between two qubits, which usually decays 
asymptotically, can be suddenly ost when there isa partial 

{035 of coherence in one of them. 


CHEMISTRY 

Enantioselective Organocatalysis Using SOMO 
Activation 

T.D. Beeson etal. 

A chiral nitrogen-containing catalyst used with a one-electron 
‘oxidant allows highly selective carbon-carbon bond formation 
through a generally applicable activation route. 
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CHEMISTRY 
A Dinuclear Ni(i-H)Ru Complex Derived from H, S85 
SOgoea 
‘Acompound containing nickel and ruthenium mimics the active site 
of iron-nickel hydrogenase and, tke the enzyme, is able to cleave H, 
inwater. 

>> Perspective p. $53 


GEOCHEMISTRY 

Paleocene-Eocene Thermal Maximum and the 587 
Opening of the Northeast Atlantic 

M. Storey, R.A. Duncan, C. C. Swisher Il 

‘Massive eruption of basalt associated with the opening ofthe 
‘northern Atlantic Ocean was simultaneous with and may have 
helped trigger the Paleocene: Eocene thermal maximum, 

>> News story $27 

DEVELOPMENTAL BIOLOGY 

NOV (CCN3) Functions as a Regulator of Human 590 
Hematopoietic Stem or Progenitor Cells 

R. Gupta, D. Hong, F. Iborra, S. Sarno, T. Enver 

Human blood progenitor cel, whieh must sucessfully engraft 
‘none marrow ranslants, require a known transcription factor 

for their early development. 


GENETICS 
‘Multiple High-Throughput Analyses Monitor the 593 
Response of £. coli to Perturbations 

NN. Ishii et al. 

‘In maintaining metabolic homeostasis, bacteria respond to genetic 
discuptions with large changes in metabolites but o environmental 
disturbance with changes in enzyme levels 

>> Perspective p. 50 
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‘A Synthetic Maternal-Effect Selfish Genetic Element 597 
Drives Population Replacement in Drosophila 

CH. Chen etal. 

‘Agenetic element that uses RNA against maternal RNAS and rescue 
by zygotic transgenes for resistance can rapidly spread the latter 
throughout pest populations. 
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‘Modeling the Initiation and Progression of 600 
Human Acute Leuke Mice 

F Barabe.J.A. Kennedy, K.]. Hope, }. E Dick 

‘Anew type of mouse model can be used to identify the human cell 
types that initiate Leukemia and to study how these cells evolve as 
the disease progresses. 

IMMUNOLOGY 
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bby MicroRNA-155 

T-H. Thai etal. 

Requirement of bic/microRNA-155 for Normal 608 
Immune Function 

A. Rodriguez etal. 

Deletion of a microRNA sequence in mice impairs their immunity, 
‘causing abnormal immune responses and cytokine production, as 
‘well as gt and tung inflammation. 
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Distinct Pathways of Antigen Uptake and 612 
Intracellular Routing in CD4 and CD8 T Cell Activation 

S. Burgdorf, A Kautz, V. Bohnert, P.A. Knolle, C. Kurts 

‘When immune cells process foreign antigen via the endosomes, 
efector ¥ cells are stimulated, whereas antigen processed by 
Aysosomes activates helper Tells, 
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Ancient Rainforest Rises Again 
'A300-milion-year-old jungle found in tlinois coal mine may give 
«clues to major extinction, 


Hopes Dim for Perfect Lens 
Plans to develop necessary “elt-handed” material for visibe light 
‘un afoul of causality. 


No Fountain of Youth for Fibrotic Cells 
‘Aging tung tissue may explain some cases of mysterious lung 
disease. 
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Resolving inflammation, 
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EDITORIAL GUIDE: Focus Issue—Keeping the Immune Response in Check 
JF. Foley, E.M. Adler, N. R. Gough 

Switching off the immune response is as important as switching it on. 
PERSPECTIVE: Professional and Part-Time Chemokine Decoys in the 
Resolution of Inflammation 

Hansell and R, Nibbs 

(Chemokine receptors that mediate the cellular infiltation that causes, 
{inflammation can change hats and help to bring about resolution. 


PERSPECTIVE: Striking Back at the Activator—How IxB Kinase 
Terminates Antigen Receptor Responses 

‘M. Hinz and C. Scheidereit 

The scalfold involved inactivating NF-xB aks play a rolein terminating the 
immune response. 

PERSPECTIVE: Regulation of Interferon Production by RIG-1 and LGP2— 
A Lesson in Self-Control 

D. Vitour and E. F Meurs 

Interactions in cis and trans control the activity of CARD-domain proteins involved 
{in regulating immune responses. 

PERSPECTIVE: CARD-Bcl10-Malt1 Signalosomes Missing Link to NF-xB 
Wegener and D. Kroppmann 
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link receptors in various cells to NF-KB, 
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P Bagla 
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{90 t0.do scientific research, 
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A. Swarup 

Research opportunities in india ae limited for U.K. citizens, 

but new iniiatves are making up for lost time. 

US: American Tales in India 

A. Fazekas 

‘American researchers who have lived and worked in India say that 
the benefits outweigh the many challenges. 
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Solving Nanoscale 
Structure 


For many materials, if you can grow sufficiently 
large, high-quality crystals, there are many tools 


for det 


mining the crystal structure, and in some 


cases the process can be fully automat 
However, for materials that have structural 
tures that are inherently nanos 


se (such as cages 
Jin zeolites) or that may not be fully crystalline, the 
solution of the phase problem is more daunting. 
Billinge and Levin (p. 561) review recent 
[progress in this area and note the benefits of 


{greater integration of data through complex mod 
from a wide of range of direct and indirect 


‘methods that probe both bulk and local detail 


Disappearing in the 
Twilight Zone 


‘Most ofthe organic carbon produced inthe suntit 
"upper layer of the ocean is recycled (remineral 
ized) as dead organisms sink to greater depths, 

but there is considerable uncertainty about how 
efficient this remineralization process i in the 
ocean's "twilight zone” (depths between the bot 
tom of the euphotic zane and about 1000 meters) 
Buesseler et al (p.567, see the cover) have used 
neutrally buoyant sediment traps that can sample 
sinking particles more faithfully than traps moored 
in fied spots that are subject to strong cross-flow 
from ocean currents. The transfer efficiency of 
sinking particulate organic matter differed by 
‘more thana factor of 2 between the two sites 


examined; this difference is poorly represented in 
present biogeochemical models, 


Life Without Dynamin 


Dynamin 1 isan 


n-specific guanosine 


Uriphosphatase involved in the endocytic 


recycling of synaptic vesc 
Ferguson et al. 
(p.570; see the 
Perspective by 
Robinson) created 
genetically engi 


dynamin 1 and found, 
surpe 


oly, that th 
tained functional synapses and 


had limited postnatal viability. However, the 
synapses of these dynamin 1 knockouts con 
tained branched, tubular plasma membrane 
imaginations capped by clathrin-coated pits, 
consistent with dynamin 1's proposed role in 
clathrin-coated vesicle scission. Also, after 

strong stimulation, synaptic vesicle endocytosis 
was severely impaired but could resume effi 
ently upon stimulus termination. This finding 
reveals the existence of a dynamin 1-independent 
‘mechanism that can support limited synapt 
vesicle endocytosis 


Mimicking Hydrogenase 
Hydrogenase enzymes rely on the cooperation of 
two metal centers in their active sites (either 
iron, of ron and nickel) to break down H, into 
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<< Micromanaging 
the Immune System 

Micro-RNAs (miRNAs) are abundant small RNA species that 
have emerged as key regulators in many biological 
processes. Rodriguez et al. (p. 608; see the news story by 
Couzin) observed that mice deficient in miRNA-155 develop 
spontaneous inflammation of the lungs and have accompany- 
jing defects in antigen presentation, as well as T cell and B cell 
function. Exploring the same miRNA, Thai et al. (p. 604; see the 
news story by Couzin) observed a similar T and B cell deficiency 
that resulted in a suboptimal response of the germinal center, which 
is needed for T cell-mediated antibody production. Although both 
studies provide some evidence for how this miRNA mediates its 
effects, the next important step will be to identify the precise mecha- 
nism and critical target genes involved. 


protons and electrons, In contrast, effective 
synthetic H, cleavage catalysts tend to be 
monometallic, and the mechanisms underlying 
hydrogenase efficiency remain only loosely 
understood. Ogo et al. (p. 585; see the 
Perspective by Rauchfuss) have enhanced the 
mechanistic picture by synthesizing an active 


ite model, consisting of ruthenium and nickel 
1s, that replicates the enzyme’s essential 


feature of heterolytically cleaving H, in water at 

room temperature, The reaction liberates a 
proton and leaves behind a paramagnetic 
hydride-bridged Ni-Ru complex, the 
structure of which the 
authors confirmed using 
neutron diffraction, 


Sudden Death of 
Entanglement 


Quantum information processing relies on the 
constituent parts, the qubits, forming entangled 
states and remaining coherent. The quantum fea 
tures of many systems decay uniformly as the 
result of decoherence, which arises from the 
unavoidable coupling to the environment, and 
much effort has been directed to extend the 
coherence time of these qubits. However, 
Almeida et al. (p. 579; see the Perspective 
by Eberly and Yu) show that under particular 
circumstances where there is even only a partial 
loss of coherence of each qubit, entanglement 
can be suddenly and completely lost 

Continued on page 513 


27 APRIL 2007 


511 


Introducing Our Second Generation Genome Sequencing System 


Genome Sequencer FLX 


Be First to the Finish with... 


200 to 300 bases per read 


Increased read len, 


hput of more than 400,000 reads per run 


ver 200 bases 


High single-read accuracy greater than 99.3" 


Consensus-read accuracy greater than 99.99% 


..more Flexibility and more Applications. 


Visit www.genome-sequencing.com to learn about the 


expanding number of peer-reviewed publications appearing weekly 


Roche Diagnostics GmbH 
Roche Applied Science 
68298 Mannheim 
Germany 


This Week in Science 


Continued from page S11 


These results should mark an important consideration in the design and operation of future quantum 
information networks. 


The Heart of Stress Responses 


Two myosin heavy chain (MHC) genes are expressed in opposing manners in the mouse heart 
MHC is expressed embryonically, whereas caMHC is up-regulated postnatally. Cardiac stress shifts 
this ratio toward BMHC with negative effects on cardiac function, and previous work has identified 
microRNAs (miRNAs) as possible regulators of cardiac growth and function. Van Rooij et al. 
(p.575, published online 22 March) now show that miR-208, which is encoded by an intron 

of the aMHC gene, is a cardiac-specific regulator of BMHC expression in response to stress and 
hypothyroidism in the heart. Deletion of the coding region of miR-208 resulted in inhibition 


of BMHC expression and a reduced stress response in the heart. Thus, miR-208 may act through 
thyroid signaling to regulate BMHC expression, possibly by repressing expression of the thyroid 
receptor co-regulator THRAPL 


Volcanic Release of Buried 
Greenhouse Gases 


The Paleocene-Eocene thermal maximum (PETM) about 


55 million years ago was marked by a rapid emission of 
greenhouse gases (either CO, or methane) during a 


period of a few thousand years that increased global 
temperatures by 5® to 10°C, However, the trigger for 
this sudden event has been uncertain, Storey et a. 

(p. 587; see the news story by Kerr) date a volcanic 
layer that overties the marine sections marking the 
PETM and a volcanic ash at the top of a massive volcanic 


sequence in Greenland and Europe that likely erupted 
within about 300,000 years, marking the beginning of the opening of the Northern Atlantic 
Ocean. The dates are identical within error, implying that timing of the PETM 
volcanic sequence, Massive intrusion of basalt into carbonaceo 
methane or CO, to the atmo: 


laps tha 


iments may have re 


re, perhaps explaining at least some of the causes of th 


Selfish Genes, Pushy Genotypes 


Inthe past few years, transgenic mosquitoes have been de 
transmit dengue and malaria based on the action of singh 


eloped with significantly lower ability to 


“ellector” transgenes. These genotypes 


are exciting, but they are of litle practical use without a gene-drive mechanism to force them to high 
frequencies in natural populations of the pathogen-vectoring mosquito species. Chen et al. 

(p. 597, published online 29 March; see the 30 
drive mechanism that is expected to be very efficient at quickly increasing the frequency of 
selfish di ent in Drosophila 


March news story by Enserink) provide one potential 


nonvectoring genotypes. They engineered a matemal-effes 
by using RNA interference against essential, maternally supplied RNAs and rescue by a zygotically 

expressed gene. This modification, which provides the capacity to move to fixation after introduction 
In only about 20 generations, may provide a route by which wild insect populations can be replaced 
with insects unable to transmit disease, 


Modeling Human Leukemia in Mice 

Mouse models have been a mainstay of leukemia research fortwo deca 
many important insights into the physiological roles of genes that cause or suppress the disease 
One limitation of these models, however, is thatthe leukemias typically originate fr 

rather than human hematopoietic cls, thereby precluding analysis ofthe human cell types that 
inate the disease. Barabeé etal. (p. 600) have created a new mouse model in which acute 


e es and have provided 


myeloid and lymphoid leukemias arise from primitive human hematopoietic cells expressing an 
‘MALL (mixed-lineage leukemia) fusion oncogene. The leukemias in th 
of the human diseases. The authors identified the leukemia-initiating 
during disease progression. 


e mice show many features 
Il and studied its evolution 
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Donald Kennedy i the 
Editor-in-Chiel of Science. 


EDITORIAL 


The Biofuels Conundrum 


THIS STORY BEGINS WITH GOOD NEWS, FOLLOWED BY A PROBLEM. MANY GOVERNMENTS 
around the world, and even some states within the United States, are finding ways to reduce 
‘greenhouse gas emissions. A major step isthe almost completed buyout of the giant Texas elec- 
tric utility TXU by an improbable concatenation of big investors, environmental organizations, 
and bankers. This promising deal would kill 8 of 1 projected coal-fired power plants and 
require the others to meet environmental performance standards. That's like a 1th seed making 
the final four or Watford winning the FA Cup. Meanwhile, there is hopeful talk in Silicon 
Valley about “clean tech,” and “biofuels” is the new entrepreneurial mantra there. But the 
problem is that limiting carbon emissions with biofuels ike ethanol is complex terrain, and most 
Proposals turn out to carry external costs. 

Let's start with the explosive growth ofa corn ethanol industry in the 
lgnass prairies of America’s West. This boon for those rural economies 
succeeds a long history of dual-purpose farm legislation, in which pro- 
duction objectives are mixed with rural welfare goals, Refineries now 
number well over 100 with more being added rapidly. as farmers expand 
cultivation into lands formerly set aside for conservation and drop say~ 
beans to make room for com. Even if earn could yield 30% of the equiv- 
alent energy of gasoline (the goal set by the Secretary of Energy), that 
‘would createa whole array of collateral distortions, One would be its envi- 
ronmental impact in the United States. Another would be distortion of 
the price structure of an important grain commodity that is traded in world 
markets and used in livestock production. Will that make maize or meat 
more affordable to poor countries that must import it, or to the poor 
people who need to buy it? Not likely. 

Ethanol derived from sugar cane is better: Growing the plant is energetically less costly, and 
‘extraction and fermentation are more efficient. That's what must have interested President Bush 
during his “Chavez shadow tour” of South America in March, Of course, U.S, companies would 
Jove to import this valuable product. which now accounts fora quarter of the ground-transport 
tion fuel in Brazil. Despite such hopes, some senators supporting alcohol-from-corn have 
helped lay a heavy U.S. protective tariffon Brazilian alcohol derived from sugar. Ifwe got rid of 
that, it would reduce total carbon emissions, though only if Brazil could expand its production 
substantially. Is there some deal in progress? Alas, nothing's up. 

‘Sugar alcohol is better than corn alcohol, but palm oil is even better in your tank (though not 
in your martin). Its relatively high energy efficiency per unit volume makes it a good biodiesel 
fel. Trucks can run entirely on palm oil. although it ts usually mixed with conventional fossil 
fuels. A large-scale effort is under way to convert lands in Indonesia to palm oil plantation 
agriculture, with plans to double current production in a few years, But again, the effort has a 

fot only will the needed rainforest destruction (by burning) partly cancel any energy 
: supplied by the palm oil, but the conversion will also threaten orangutans and other 
endangered species. 

The best course is to abandon this cluttered arena and invest seriously in a direct approach, 
As Chris Somerville pointed out in this space.* the conversion of cellulosic biomass (corn 
stover. wood chips) has far higher potential for fuel production than any of the above biofuels. 
The challenge is biochemical: Plant lignins occlude the cellulose cell walls: they must be 
removed, and then the enzymology of cellulose conversion needs to be worked out The technol- 
‘ogy is complex.f No commercial reactor has yet been built, though six are funded. Some hope 
has been raised by new commitments, like the $500 million joint project between British Petro- 
Jeum and the Universities of California and Illinois. Nevertheless, as Somerville notes, the 
sobering reality is that what the U.S. government spends on all of plant physiology is only one- 
hundredth of the research budget of the National Institutes of Health. That's far too little for a 
venture this important. 


-Donald Kennedy 


10.1126/sclence. 1142578 
*C Somerville, Science 342, 1277 (2006). 4. Service, Science 335, 1488 (2007). 
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EDITED BY GILBERT CHIN AND JAKE YESTON 


MATERIALS SCIENCE 
Reducing Together 


Lanthanide intermetallics, which display 
the large magnetic anisotropies needed for 

igh-field permanent magnets, are usually 
synthesized by reaction-diffusion processes 
that require the removal of components 
previously introduced to accelerate these 
{ransformations. For example, the synthesis 
of the ternary material Nd,Fe,,B with Cal, 
necessitates the removal of the calcium 
‘ons. Kim et al. report the aqueous synthe~ 
sis of this intermetallic by sodium borohy- Reduction of an amorphous particle (left) to a ternary alloy (right). 
dride reduction of the metallic chlorides to 


516 


{form an easily isolable amorphous nanoparticulate product, which they characterized by electron microscopy and a range of 
diffraction techniques. The authors argue that electrostatic coupling of the Nd\ Il) ion with an initially formed Fe-B alloy helps 
to overcome the high reduction potential of the Lanthanide ion to the corresponding metal. Heating of the product converts 
these soft magnets into a ferromagnetic material with higher coercivity. — PDS 


BIOTECHNOLOGY 
Improving the Balance Sheet 


Plants incorporate (fix) CO, into hexoses (sug: 
ars) by coupling itt the five-carbon compound. 
‘ibulose-1,5-bisphosphate in a reaction that is 
catalyzed by the enzyme rubisco, Unfortunately, 
a competitive and apparently unavoidable reac 
tion, which is also catalyzed by rubisco (see 
Tcherkez eta. for more on this abominably 
perplexing phenomenon), uses O, as a substrate 
and generates one molecule each of 
glyoxylate and glycerate (instead of 
{wo equivalents of glycerate). Glyoxy 
late is then converted—via subsequent 
‘eactions in the peroxisome and mito: 
chondrion—into glycerate, but in 
doing so one-quarter of the 
already fixed carbon atoms are 
{ost as CO, with the concomi 
tant debiting of already 
fixed nitrogen atoms in the 
{orm of ammonia. increas 
ing the local concentration 
of CO, relative to 0, is an evolutionary 
achievement found in C, plants (such as corn), 
and efforts to introduce a CO,-concentrating 
‘module into C, plants (such as rice) have 

been pursued. 

Kebeish et a. describe a means of reduc- 
ing the material cost of carbon-atom recovery 
{rom glyoxylate They have engineered the tar 
geting of three bacterial enzymes to the chloro 
plast in Arabidopsis. The result is that when two 


J.Am, Chem. Soc. 129, 10.1021/)90706347 (2007), 


molecules of olyonylate are converted into one 
of glycerate, the CO, that is liberated is not lost, 
but is recaptured by rubisco; the consequences 
are a decrease in photorespiration, an increase 
in photosynthesis, and more biomass (leaves 
and roots) produced. — G)C 

Proc Natl Acod. Sc USA 103, 7246 (2006); 

‘Not. Biotechnol 25, 10.1038/nb11299 (2007), 


Generics 
Are We Close Yet? 


Large-scale genome-based surveys that look for 
correlations of phenotype with genotype typi 
cally examine large numbers of individuals; 
the results often depend on assumptions, 

which may not always withstand 

close scrutiny, about the underly 

ing structure of the populations 

from which these individuals 
are drawn. Building on analy: 
sis of variance tests that assess 
whether the observed variation 


Genetic relations across, 
‘51 populations. 


between populations is signifi- 
‘cant and on cluster analytic methods, 
Nievergelt etal. introduce the general- 
ized analysis of molecular variance 
(GAMOVA). This approach extends a previous 
technique known as the analysis of molecular 
variance by creating a genetic background dis: 


tance matrix and applying it to a multivariate 
rearession analysis to test hypotheses about pop: 
ulation structure, Several large human data sets 
(Centre d'Etude du Polymorphisme-Human 
Genome Diversity Project; Howell’ craniometric 
characters; and HapMap) were reanalyzed with 
GAMOVA in order to demonstrate its potential 
{or detecting population-level structure even 
among individuals in regions of low population 
differentiation. — UNZ 

PLoS Genet. 3, e51 (2007), 


CHEMISTRY 
Heptacoordinate Mercury 


Although diffraction techniques have offered 
detailed pictures of atomic arrangements in 
solids, determining the corresponding structures 
in solution, where most reactions occur, is hin 
dered by rapid fluctuations in the coordination 
environment, The solvation shell structure of 
aqueous mercuric ions i of interest on account 
of the metal’s toxicity, but has proven to be an 
especially elusive target because of the absence 
of strong characteristic features in the visible 
absorption spectrum. inferences from the solid 
state have favored a distorted octahedral, oF 
hexacoordinate, arrangement of water molecules 
around the central Hall) ion 

Chillemi et a. present experimental and theoret- 
ical evidence implicating the presence of an 
extra water molecule in the shell, giving rise to 
‘an unusual seven-coordinate arrangement. Pi 
‘mary support for this claim emerges from x-ray 
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absorption near-edg 
sistent with an octahedral shell. Quantum chemi: 
cal calculations and accompanying molecular 


pectra, which are not con 


dynamics simulations paint a picture of a flexible 
seven-membered shell that persists for several 
nanoseconds, while occasionally accepting or 
expelling water to create much shorter-lived six 


J.Am. Chem, Soc. 129, 10.1021/9066943e 
(20am) 
CELL BIOLOGY 
ARibbon-Cutting Ceremony 


The Golgi com 


lex isa collection of stacked and 
Interconnected membranes found in a ju 
nucleated 
During cell divisio 
the Golgi comp! 


nuclear position in m« imal cells, 


fragments, presumably 
toallow for the parti: 
tioning of Golgi mem 


branes to both daugh 


and a protein 


r as BARS 
(brefeldin A~ADP ribo 
sylated substrate, also 
known as CtBP1-S) is 


important in this 
The BARS pro 
tein acts to disconnect 


proce 


Golgi stacks from one 
another, and this is 
sional step has been 
shown tobe required 
for succesful mitosis 

Intact (bottom) and How then can some 

severed (top) Golgi 

ribbons. BARS? Coland 
addtessed this issue by 


examining Golgi characteristics in a variety of cell 
types. They found that fibroblasts from mice 
genetically deficient in BARS did not possess an 
interconnected Golgi ribbon, and that BARS acti 


ity was not required for the completion of mitosis, 
On the other hand, in normal fibroblasts, where 
Golgi stacks were robustly linked, BARS-mediated 
scission was essential. — SMH 

EMBO J. 26, 10.1038/s).embo}.7601686 (2007). 


IMMUNOLOGY 


Alleviating Allergies 


£ the aberrant activation of T helper 2 CO4* lym: 


3 phocytes can result in damaging alle 


5 responses, and hence a great deat of elfort has 
5 been directed toward understanding the mecha 
8 nisms that normally regulate these cells 


§ Grohmann et al. show that a soluble form of the 


8 glucocorticoid-inducible tumor necrosis facto 


critic cells 
(pDCs) to produce indoleamine 2,3-dioxygenase 
(ADO), which mediate 

tory effects though the cata 


strong immune 


lism of tryp 


phan. Admini 


ation of the synthetic glucocort 


hasone reduced symptoms of aller 
in mice, including airway inflam. 
mation, and this effect depended on GITR 
induced IDO, suggesting that this pathway may 
promote some actions of corticosteroids. I 
another stu 1 et al. observed that the 
regulatory cytokine osteopontin is expressed in 


195 of asthma patients and can directly 


allergic airway inflammation in mic 


in via the activities 


OCs. In this system, 


F, allergic responses were promoted by 


opontin during the primary phase of anti 


gen challenge, wh 


inflammatory influen 

challenge. The two mediators identified in 
these studies—GITR-induced IDO and ost 
tin—may offer targets for the treatment of 
thma. —S}S 


lat. Med. 23, 10,1038/n1563; 10.1038/nm1580 


AvPLito puysics 
An Electrical Spin on Magnetism 


Magnetic ferroelectrics (multife 


cs) are mate 
rials that can respo 
fields, tis c 
take a 
o an applied magnetic field) of the electron! 


lectric and magnetic 


f the large respons 


state of a material with 


ant magn 


In contrast, the inverse effect, control of th 
magnetic structure b lectric fi 
comparatively rare. Because of the prospect of 
faster switching times in smal 

devices, there is much interest in developing 


such electrically led magn 
Recent i 


property to look for 


ic materials 


tical work suggested that a key 


chirality: It that materials in which 


the magnetic moments of the individual atoms 
form a spiral structure should also exhibit an 
electrical Yamasaki et al. go some way 


toward putting that tl 
thowing that the spin h 
talline ToMnO, can be 
rotatin se Lo counterclockwise by 
tion of an electric poling field as the material 
joled through the heli 


sctrically switched from 


I spin transition 


erature. Probing by neutron scat 


iat the handedness of the chiral spin 
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SPOTLIGHT: SINGAPORE 


Dr. Edison Liu is Pushing Science 
to the Highest Level at Singapore’s Cancer 
Syndicate and Genome Institute 


/ Dr. Edison Liu is a Stanford University-trained breast cancer specialist and former Division 
Dractar of Gna! Scenes at the National Cancer Institute in the United States. A pasion i 


With breast cancer as your 
‘special area of interest, what 
is your research focusing on 
right now? 


We are focusing on the systems biology 
of cancer. Transcription factors such as 
the estrogen receptor and p53 are central 
to the development of breast cancer. 
With genomic technologies, we can 
map the exact control mechanisms of 
these factors and potentially direct 
precise changes using special drugs. 
We are hoping to make targeted 
therapeutics a realty 


What drew you to relocate after 


so many years in the U.S. and 
your success at the National 
Cancer Institute (USA)? 


| was intrigued by the offer to create a 
research institute that integrates 
genomics with computational sciences, 
biology and medicine. | knew this 
required not only excellent funding, but 
also administrative freedom and the 
ability to craft a new research culture. 
All of this was built into Singapore's 
scientific environment. Then there was 


Singapore's vision of making science 
and technology a real cornerstone of its 
economy, and research a part of its 
social culture. The opportunity to do 
00d for a society through one's daily 
work was too good to pass up. 


Do you enjoy everyday life 
in Singapore? 


Yes, very much. It is a lively, changing 
environment that is truly multicultural. 
The efficiency and rationality of the 
government is legendary, but the real 
joy has been in participating in the buzz 
of change. Singapore is a very 
cosmopolitan metropolis, an example 
of what we will all need to become. As 
natural resources become depleted in 


this world and there are no more 
habitable territories to colonize, we 
must all emulate Singaporeans in how 
we manage our precious natural and 
human resources. This requires 
thoughtful leadership and for all 

of us to be intelligent stewards 

of our environment. 


Tell us about the Singapore 
Cancer Syndicate. 


The cancer syndicate is a funding 
agency that arose from my conversations 
with Sydney Brenner (Chairman of the 
Biomedical Research Council, A” STAR, 
Singapore) and Philip Yeo (former 
Chairman of A*STAR, now Senior 
Adviser on Science and Technology to 
the Minister for Trade 
and Industry, 
Singapore). They 
asked my opinion of 
what Singapore 
needed to solidify its 
beachhead in cancer 


research. | told them 


that the greatest 
challenge was to 
enhance translational 
research capabilities 
and to encourage 
organized cooperation 
among Singaporean 


research from my experience at the 


National Cancer Institute (USA), | 
proposed a funding agency that supports 
physical and talent infrastructure, uses 
just-in-time” funding to encourage 
progressive results and continuous 
quality improvement, and demands the 
building of research consortia. This 

a significant break from the standard 
funding mechanisms, but it 
This syndicate template is be 
other fields now, such as stem 
biology and bio-imaging 


And how about your work as 
director of the Genome Institute 
of Singapore? 


It has been one of the most rewarding 
experiences of my life, We started 

from scratch with only three member 
and now have over 260 full-time staff. 


Following examples in Singaporean 


history, we 
something good out of nothing. Mi 


ere able to crea 


time is devoted to recruiting and 
mentoring scientists, to helping m: 
colleagues here push their science to 
the highest level, to maintaining a 


culture of excellence, cooperation 
collegiality, and to enhancing the 
reach of research and science into the 
fabric of a society 


Tell us about some of the 
exciting work at the Genome 
Institute. Are there recent 
breakthroughs? 


Over the past few ye 
Biology and Technolog) 
by Yijun Ruan and Chiatin 
developed several novel cloning 
technologies that remarkable 
speed and precision in identi 
the transcripts in a cell system and 
the binding sites of any transcription 
factor. This breakthrough tech 
has enabled us to explore fund 
control mechanisms, especially in 
cancer (p53, myc, and estrogen 
receptor) and stem cells (Oct 
Sox2, Sal4, Nanog). 


rs, our Genome 


‘pai, Singapore iomesialaieaces bab 


How does the Genome Institute 
fit into Biopolis, Singapore's 
biomedical hub? 

B 


biomedical rese 


comprised of nine t 
stitutes and m 
ts, Built at 


arc 
2,000 scien 


th 


), Biopolis 


the-art facilities for biomed! 
The Genome Institute of Sing 
one of the research institutes, a 
housed in its own building 


What makes Biopolis a unique 


home base for research? 
The concept is that Biopolis is 


here scientists can work, live and pla 
With its superb scientific facili 
restaurant 


transportati ovides a 
ment in which 
ducted with 
The cc 


research can be ¢ 
minimal external stress 
of private sector R&D 


for close interaction and 
ith the public 


scation 


ollaboration, 
and synergizes we 


research institutes 


Who are some of the other 
scientists working in Singapore 
that you particularly admire? 


There many to c 

special n should be given to the 
remark tists working in the 
Genome Institute of S 


ays to clone and 


approaches. Huck Hui Ng from our 

d Developmental Biology 

as done a superb job of 
precise control nodes of 


group 


ith me from the Nation 
Institute (USA), has identified a novel 
compound that disrupts an epigenetic 
ay to kill cancer cells, 


What does Singapore's ability 
to attract high-profile scientists 
from around the globe mean for 
your work? 


tmeans we have more friends to play 
ith and that the impact of our ¥ 
be even greater. It also means that 
Singapore will achieve international 
status as a locus for scientific re 
much faster than one can imagine. 


ch 


See you in Singapore at 


The Lancet Asia Medical Forum 


Healthcare Informatio 
& Management Sys 
Society (HIMSS) 


27th international Epilepsy Contere 


AIGS World Glaucoma Congress 


18th WONCA World Conference, 
Genomics & Family Medicine 


American Association of Cance 


Research (AACR) Conference on 


Translational Cancer Medicine 


World Healthcare Congress Asia 


For more information, c 
Singapore Exhibition & Convention Bureau 
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An Unspeakable 
Campus Tragedy 
BLACKSBURG, VIRGINA Too ds 


man killed 
Polytechnic In 


memorial. Am 


popular professor and eight students in the Departmen 


of Civil and Envir 


Department of Engin 
(ESM) lost (wo est 
home buildin, 


come to grips with the trage q Acandleligh 
‘nee mourns the lives 5 Ap at Virginia Tech on 
17 April 


condolences to the si 


provides these remembranc 


LIVIU LIBRESCU 


ARomanian-bor 


ibrescu, 76, 


and emigrated to Israel i 


the ESM department at Virgini ty of Virgini 
Librescu studied how the in u 
structures such as airplan 
rotor blades affects their ae 
ties, says Walter Silva, an aerc i 
N's Langley 
Virginia. "Hi 
and he had som 
was actualy very humble,” Silva say s tt 
Students recall ti U ty of K Lan ho ti , Lin, killing him and nine student 
th Gra doc. “He wa ” 
jt " y « | THE STUDENTS 
a ily twa im the jing that 
i i n 
Granata 
graduate students, treat 
ng them as it nis ow h K Hi 
According to many reports, Librescu t the k to hea 
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STEM CELLS 


Stem Cell President Quits 


After Acrimoniou 


Zach Hall was so rattled by a recent meet 


at the California Institute for Regenerative 
Medicine (CIRM) the $3 billion stem cell 
institute set up by statewide referen 
2004 
earlier than he had planned, Hall cited the 


that he decided to quit as president 


“contentious” nature of the meeting as well 


as his disappointment over likely de! 


disbursing money for construction of new 
research facilities that scientists say are 
crucially needed. 

CIRM has scheduled a 
of its board for2 May to 


special tele- 
conference meet 


respond to Hall's 30 April departure and 
the conflict over how to proceed with a 
million construction program, 
Both issues arose froma 13 April meet- 
ing of CIRM’ facilities working 
which patient advocates balked at the idea 


of having a Request for Applications 


(RFA) ready by June for the so-called 


large facilities grant program. The mem- 
‘oup wanted m 


re time to 


consult experts on technical issues and 
sound out the public on what and where 
facilities are needed, 

Neuroscientist Hall, CIRM’s founding 
president, had e 


lier intended despite 
planned prostate surgery in May to stay 
through the 5 June meeting of the Indepen: 


dent Citizens 
(COC). But 
exceedingly contentious and occasionally 


Oversight Committee 


he wrote the board, “the 


meeti eststhat 


personal tone of the r 
itis in both my best interest and that of the 
Institute for me to step down at this time 
The state's universities see construction 
of new research facilities as an essential part 
of the grand plan for CIRM. Ata 10 April 
ICOC meeting, members represen 


research institutions expressed the need to 
move speedily, ICOC Chair Robert Klein 
observed that costs are rising 


and ata 


10% inflation rate, a I-year delay would 
cost $60 million. The panel decided in a 
more time by conduct- 


stray vote not to loss 
ing a “survey of institutional plans” to gain 
more information on which to base the RFA. 
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s Meeting 


Hall confidently predicted that the RFA 
ig $130 million for a handful of big 


construction grants and $72 million for 
$5 million to $10 million grants—would be 
ready by July at the latest. 


Hall was taken aback by the very different 


tion he got atthe facilities group 


3 days later, That group is made up of disease 


advocates who are also members af COC, as 
well as California real estate specialists: for 
conflict-of-interest reasons, it contains no 
researchers or university officials, 
Arguing th 


gauge the need for 


hey were ill-prepared to 


cilities in the state 


members of the working group lobbied for 


more time for assessment. “If we don’t 
ping to be i 


the Brink 


we're g a situation where we're 


backin 


ick up to a couple of 


Burned out. Zach Hall, facing surgery, is leaving 
CIRM this month. 
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really well-established institutions that have 
warned AIDS 
patient advocate Jeff Sheehy. Diabetes 
patient advocate Marey Feit said the public 
has to be consulted: 


access to a ton of wealth, 


“I don't care if'we have 
to meet with a hundred people or a million 
people. ...Th 
Jud, 


atmosphere 


our responsibility.” 


y the meeting transcript, the 
ota bit tense. Hall seemed per- 
that he faced a “dilemm 


is.a real split between w 


plexed, sayin 
because “the 


this ... workin 


‘oup is saying, and w 
by 
representing the scientific community.” The 


was said at the ICOC meetin, those 


facilities group ended up votin 
mously for public hearin 


unani- 


s, There isa “cule 
tural difference” between the disease advo: 
and the 


cates and scientists "who under 


urgency” of the program, Hall concluded. 
Such a difference was evident in com- 
ments by Joan Samuelson, who represents 
the Parkinson’s Action Network, “I've been 
hearing from lots of people [who say] 
“Don’t throw a lot of money at facilities, 
said Sam 
compa 


Ison, She added that it's private 


ies, Not universities, that come up 
“I'm 
I feel betrayed” by Hall's 


With cures. Sheehy later told Science, 
stunned. 
attempt to dismiss the arguments of the dis- 
es. AL this point, he says, the 


workin, 


roup has “no evidence basis from 
which to proceed” 

CIRM’s board faces a full aj 
whether to 


nda at 
next week's meetin » ahead 
with hea am. 
and whom to appoint as interim head of 
CIRM, Also needed is a new head for the 


on the facilities pr 


facilities committee, whose chair, Califor- 
nia developer Albert “Rusty” D 
ied abruptly without explanation 


after the 13 April meeting 
But there’s light at the end of the tunnel 
The presidenti 


search is moving ahead 
apace. The search committee will be inter- 
viewing a half-dozen top contenders in 
May, with final candidates to be considered 
atthe June ICOC meeting, CIRM also faces 
its final hurdle in the lawsuits that have 
stymied its efforts to raise money. The Cal- 


ifornia Supreme Court is expected shortly 
to turn down a final appeal from groups 
that have been trying to get CIRM declared 
unconstitutional, in which case money 
from bond sales may start rolling arly 

“CONSTANCE HOLDEN 


as this summer. 


GEOCHEMISTRY 


Pipsqueak. Largeigneous 

provinces can boasta million 

times the lava produge by 

‘cetand’s 1783-Lalt ervaition, 
Sele, Yor scale) 


Humongous Eruptions Linked to 
Dramatic Environmental Changes 


Researchers looking for the cause of big, cat 
astrophie changes on planet Earth have fin: 
red a new one; so-called flood basalt erup: 


ns, or large igneous provinces (LIPS) erup 
tions. These are no Mount St. Helenses or 
even Krakataus, which cooled the planet a 


2¢ oF $0 and painted pretty sunsets for a 
couple of years. No, a single LIP ery 
spew 100 times the magma of anythin; 
in historical times. The 1000 such eruptions 
that can follow the first could build a lava pile 
of millions of cubic kilometers. Such massive 
ly 


voleanic activity seems to have dramati 
altered the 


»sphere and oceans for hu 
dreds of thousands of years 94 million years 


ago and again $6 million yearsago, according 


to two new studies 


The newly strengthened link between 


ruptions and major environmental 
comes in studies that draw on a single 
logic record containin| 
that of LIP eruption and 


nother of 


ically abrupt environmental chang 
$87, geochronologist Michael Storey of 
Roskilde University in Denmark and col- 
le 
pouri 


ies use precise rock dating to tie the ¢ 
of a LIP. 
the North Atlantic from Greenland to Gr 
Britain 
lion yearsago known asthe Paleocene-Eocene 


whose remains now span 
it 
to the sudden 5°C warming 56 mil- 


thermal maximum, or PETM (Science 
19 November 1% 
Scientists have long thought that the giga 


burst of greenhouse gits—carbon dioxide 


or methane—that marked the beginning of the 
PETM must be linked to the 5 million to 
10 million cubic kilometers of erupted North 
Alantic magma, if only because they hap- 


pened at about the same time. But having to 


date the two events in different records usin 


different techniques made the case less than 
convincing. So Storey and his colleagues dated 


more rocks from the LIP using the ai 


pmeargon 
technique based on the radioactive decay of 
potassium-40, Combined with previously pub- 
lished data. the dating places one of the largest 
surges of magma of the past quarter-billion 


years at 56.1 =0.5 million years ago. 

The 0 applied argon-argon dat 
ing to volcanic ash buried in marine sedi- 
ments southwest of Great Britain that also 
contain a record of the PETM. That ash 


layer had been linked to a LIP ash deposit 
in East Greenland with a similar 


the researchers beat down the uncertainty 


by making 


on the two ashes. Using additional pub: 


lished d 
ash layer and the s 
and his colle: 


he sediment between the 
he PETM, Storey 
}eginning of the 
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PETM at $3.6 million year 
The new dating 


thus places the most dra- 
matic warmin, 


ofits kind just within the uncer- 


the beginning of one of the largest vol- 


canic outpour 1 think that the dating 


is quite good.” says Paul Renne of the Berkeley 
Geochronology Center in California, It “cer 
tainly provides strong linkage between the 
PETM and the [LIP]? 

Another study ha 


strengthened the link- 


Caribbean and an abrupt transformation of 
the oceans 94 million years ago, known as 
‘oceanic anoxic event 2 (OAE2), OAES were a 
half-dozen episodes in the warm mid- 
Cretaceous period 120 million to 80 million 


when ocean sediments accumulated 
With so much o 
ments turned black. Somethis 
conditions to produce these “black s! 


nig matter that the sedi- 


se" 
sediments, perhaps by eliminating oxygen 
fi 
trigger is large voleanic eruptions, 

‘OAE2, the archetypal OAE event, hal been 
linked to the n 
dating, but 


The leading candidate fora 


im the deep se: 


assive Caribbean LIP through 
achemist Junichiro Kuroda of the 


Institute for Research on Earth Evolution in 
Yokosuka, Japan, and colleagues took a differ- 
ent approach. They harked back to the search in 
the 1980s for 


arkers of a large impact buried 


along with the remains of dinosaurs and other 


life snuffed out 6S million yearsago. Instead of 
the element iridium brought in by an impacting 


potential marker of a rock's source, They traced 
Jead's isotopic composition across the onset of 
OAE2 aan outcrop in Italy 


Ina few centimeters of sediment lead 


p 
to the start of OAE2 and beyond, the relative 
proportion of lead-208 dropped precipitously 
they found, “The way it moves is difficult to 
explain without a volcano” contributing its dis- 
tinctive mix of lead isotopes, says geochemist 
Catherine Chauvel ofthe University of Grenoble 
France, In addition, the new lead/-isotope com- 
position bears a particular resemblance to that 
of the Caribbean LIP, 

So, rare and extraordinary voleanic erup- 
tions coincide in time with rare and exceptional 


environmental changes, strongly linking erup- 
tive cause 10 environmental effect. However 
that link isn’tyet clarifying just how LIPS wreak 
their havo. For that, researchers will need more 


son more of the cascading effects of 


humongouseruptions, -RICHARD A. KERR 
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LUNAR SCIENCE 


Congress Restores Funds for NASA Robotic Landers 


Angry U.S. lawmakers have 
come to the rescue of NASA's 
robotic lunar lander program. 
NASA chief Michael Griffin hi 
pledged to shut down the pr 
uram to save money, but after 


strong pressure from both House 
and Senate members, the space 
agency has granted it a reprieve, 
The reversal, althow 


welcomed 


by lunar researchers, puts more 
pressure on Griffin to pare other 
missions or win additional fund- 


from Congress. 
Ina LO April letter, the chairs 
of NASA's two spend 
‘Senator Barbara Mikulski (D-MD) 
and Representative Alan Mollohan 
(D-WV), ordered Griffin to restore 
$20 million to operate the lun: 
office based at Marshall Space Flight Cen- 
ter in Huntsville, Alabama, The let 
ncy’s 2007 


panels, 


response to the a perating 
plan detailing how it intends to spend its 
$16.2 billion bu 


u 


, approved in February: 
ister with C 


plan must pass 
As late as 12 April, Gr 
there is no need for robots be: 
Recon: 


in Was insist 
ond the Lunar 


ied for Launch 


ssance Orbiter pl 
But on 19 April, a NASA 
spokesperson said that “right now there are 


EXOPLANETS 


‘no plans to close” the lunar robotics office 
The about-face has more to do with jobs 
than lunar data, Faced with a $700 million 
shortfall in NASA’s exploration program, 
Griffin decided this winter that the landers 


the details of which have not yet been 
‘were a luxury he could not afford 
16 March, p. 1482), That decision 
‘upset Alabama Republican Senator Richard 


defined 
(Science 


» keep 


Shelby, who spearheaded the effo 
‘open the Marshall office, with its 32 employ- 
ces. In an 18 April speech, according to 
The Huntsvi 


Times, the senator noted th: 


the days—1 year and eight 


Habitable, But Not Much Like Home 


For the first time, astronomers have found 


aan Earth-like planet that could be habitable 


Like an oasis in space, the rocky world. pos- 
sibly covered with oceans, orbits a puny red 


f star just over 20 light-years away in 


dw: 
the constellation Libra 


‘On the treasure 
‘map of the universe, one would be tempted 
to mark this planet with an X." says team 
member Xavier Delfosse of Grenoble 
University in France. 

Most of the 200-plus exoplanets found to 
as similar to 
found wei 


date are massive balls of 
Jupiter. Only two have beet 


less than eight times the mass of Earth. One 
of these is too cold, the other too hot for lig- 


tid Water to exist on its surfiace, But the new 
planet, found by Stéphane Udry of Geneva 
Observatory in Switzerland and his col- 
Jeagues, orbits right in the habitable zone of 
its mother star. Gliese 581. where tempera- 
tures are between 0° and 40°C 
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Being a cool red dwarf, Gliese $81 shab- 
itable zone is close-in: The planet is a mere 
10.7 million kilometers from the star—one- 


fourteenth the distance of Earth from the 


pletes an orbit every 13 days. 


Two years ago, the team found a more mas 


even closer orbit around the 


sive planet in 
same star. And in the new data, taken by the 
European Southern Observatory’s 
n Chile, 
incovered a third planet ina wider. 
84-day orbit, The results have been submit 
ted to Astronomy & Astrophysics 


3.6-mel 
they 


telescope at La Sil 


Tiny periodic wobbles of the star indicate 
that the mass of the new planet could be as 


small as five times that of Earth, stron 


aly su 
gesting a ball of rock. not gas. Udry concedes 
thatthe true massmightbe larger. dependin 
thea 
But, be says, the mass cannot be much larger or 
the planetary system would be unstable 
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and-a-half months—[until] we have a new 
[NASA] administrator.” Two days earlier, 
Griffin had reminded an Alabama 


visiting Washington about Marshall's central 
role in the human exploration effort, which 
aims to retum astronauts to the moon by 2020, 

NASAS operating plan for the fiscal year 
that ends on 30 September also reflects the 
rising costs of several science missions. 
NASA will spend $63 million more in 2007 
than it initially planned to keep the launch, 
date for its Mars Seience Laboratory from 
beyond 2009, Itwill add $17 million 
to ensure a November launch of the Gamma 
Ray Observatory and $37 million above 
what it had anticipated so that the Kepler 


slippin, 


mission to find extrasolar planets can take 
off by the end of 2008, 

Those increased costs, combined with 
the space station and building a 
new launcher, are forcing NASA to find 
ways to sive money. Althou 


completi 


he proposed 
elimination of the lunar robotics program 
s, NASA's 
t problems aren't going away, 
Last week, several Democratic lawmakers 
-d the White House to m 
ssional leaders to find a way out of the 


didn’t fly with key legis! 


larger bu 


t with con- 


ass, But so far, that call for a space 


summit has elicited no response. 
ANDREW LAWLER 


The new discovery is “wonderful news,” 
says Geoffrey Marey of the University of 
California, Berkeley, whose team has found 
more than half of all exoplanets so far, But 
planet hunter William Cochran of the Uni= 
versity of Texas, Austin, says, “Itn 
be seen how habitable this planet actually 


nains to 


is.” Cochran points out that the planet may 


ahvays keep one face toward its mother star 


Moreover, some theorists think that because 

of the way they form, pla 

dwarfs may accumulate litle water. 
Although itcould in principle harbor liquid 


ets close to red. 


\water, anyone visiting this cosmic oasis would 
find it very different from Earth, Says Udry 
The Holy Grail would of course be a planet 
with the mass of the Earth, orbiting a star like 
the sun, in a 365-day orbit, But we have to go 
step by step. ~GOVERT SCHILLING 


GGovert Scilting isan astronomy writer in Amersfoort, 
the Netherlands, 


BIODEFENSE 


Proposed Biosecurity Review 
Plan Endorses Self-Regulation 


A federal advisory group has come up witha 
long-awaited blueprint for how the U.S. 
ernment should oversee biological research 
known as “dual use,” or experiments that 
could potentially be used by bioterrorists to 
cause harm. The voluntary plan would let 
scientists themselves decide whether their 
project raises concerns, which would then 
trigger a higher-level review—a process 
some critics think is woefully inadequate. 

Many microbiologists like the idea of 
self-regulation, But even supporters are 
frustrated by the lack of details provided by 
the 25-member National Science Advisory 
Board for Biosecurity (NSABB) after 
2 years of work. Meanwhile, a few universi- 
ties have begun reviewing all genetic engi- 
neering experiments for dual use, an 
approach that some say is inevitable. 

The report follows the explosion of 
federal biodefense research in response to 
the 2001 anthrax attacks. A 2004 National 
Research Council (NRC) report warned 
that stringent regulations could impede 
legitimate research and called for a self 
governing system of oversight. That panel 
described seven types of “experiments of 
concern” that would automatically 
be reviewed, such as enhancing the viru- 
lence of a pathogen, but left it to a new 
federal advisory committee—-NSABB—to 
develop guidance. 

NSABB, chaired by microbiologist 


2 Screen test. Proposed guidelines would have 
§ investigators decide whether their research could 
be useful to bioterorists. 


wow sciet 


Dennis Kasper of Harvard Medical Schoo! 
in Boston, has now done that. In a S0-pas 
drafi report released last week, it says scien 
tists should report annually whether their 
research is potentially “dual use of con- 
ern,” perhaps starting with a check box on 
their grant proposal, A committee, perhaps 
jon of the institutional 
(IBC) that now over- 
sxperiments, would 
then review the flagged projects. 

Although the microbiology community 
is generally pleased with the plan, it is n 

ntirely clear how it might work. Ronald 
Atlas of the University of Louisville in Ken- 
lucky says it is “somewhat schizophrenic’ 
that the report calls for a voluntary system 
yet suggests that funding agencies make 
compliance a condition of funding. Nor 
does the report tackle synthetic biology 
directly, he says, leaving it unclear whether 
an experiment $ years ago that built a 
poliovirus from scratch would even be cov 
ered. Also left undecided is whether the 
rules should cover fields outside the life sci~ 
‘ences, stich as chemical engineering. 

Richard Ebright of Rutgers University in 
Piscataway, New Jersey. is much harsher. 
He lambastes the committee's recommen- 
dation that even if an experiment fits into 
one of the NRC reports seven categories, 
or could decide that the work isn't 
risky enough to be “of concern.” These sub- 
jective criteria “preclude 
sight,” Ebright says. Ebright and others, 
such as Alan Pearson of the Center for Arms 
Control and Non-Proliferation in Washing- 
ton, D.C.. also say the guidelines should be 
mandatory and should cover privately 
funded research. 

The report will now go to an interagency 
committee. which will seek public com- 
ment and likely ask NSABB to hone the 
guidelines. But some universities are going 
ahead on their own, At Duke University in 
Durham, North Carolina, and two other 
nae 


neaningful over 


2 projects for biose- 
ounds that scientists 
don’t have the expertise or objectivity to 
decide, says Megan Davidson of Duke. 

JOCELYN KAISER 
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Think Tiny, Kremlin Says 

With 51 billion in new announced government 
financing at its disposal, one of Russia's lea: 
ing centers of scientific research, the Kurchatov 
Institute, will manage Russian nanotech 
research and development. The $1.1 billion 
nanotech windfall, announced last week, isan 
‘enormous sum for science in Russia, where the 
average researcher is slated to eain only 
$1000 per month by 2010. The first 3 years of 
investment, aimed to outfit a dozen or 3o 
research centers with laboratory equipment, 
wil be followed by a second stage to run 
through 2015. 

“This will help Russia emerge on the inter 
national stage in nanotechnology, where it 
hhad been in a state of decay,” says Mihail 
Roco ofthe U.S. National Science Foundation. 

BRYON MACWILLIAMS AND 
JOHN SIMPSON 


Think Big, Report Suggests 

The U.S. government needs to doa better job of 
‘ulting into strategic context its plans for new 
‘nuclear weapons, says a panel convened by the 
‘American Association forthe Advancement of 
Science, which publishes Science, The main 
points ofa new report by the panel were dis: 
closed in February (Science, 9 March, p. 1348), 
‘but the final version includes new emphasis on 
the “international implications" ofthe nascent 
Reliable Replacement Warhead (RRW) effort 

to make bombs that don't need to be tested. 

C Bruce Tarte, panel chair and former director 
of Lawrence Livermore National Laboratory, says 
thatthe White House must explain “what are 
nuclear weapons for... [and] how many do we 
reed.” The chair of the House spending panel 
that controls nuclear weapons, Peter Visclosky 
(0-IN,, is an RRW skeptic and has called for 
such big-picture answers, -ELUKINTISCH. 


Indian Rockets Prove Lucrative 


NEW DELHI—india entered the fiercely com 
petitive commercial space market with a bang 
‘on 23 April with the launch of an Htalian 
astronomy satellite. The Indian Space 
Research Organisation (ISRO) is muscling in 
‘on a multibiltion-dollar business that has 
been the exclusive domain of rocket efforts in 
Europe, China, Russia, and the United States. 
ISRO is trumpeting its cost advantage: It 
charged Italy about $11 million, a competi 
tive price given the launch location close to 
the equator, Italy's AGILE craft wil study, 
‘among other things, gamma ray bursts and 
dark matter. ISRO chair G. Madhavan Nair 
‘called AGILE’s launch a "historic moment.” 
~PALLAVA BAGLA 
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GENETICS 


Erasing MicroRNAs Reveals Their Powerful Punch 


For more than 2 decades, biologists have illu- 
inated the roles of g 
mice and studying the 
‘which lack the proteins encoded by the tar- 
eted genes, Now scientists say they re beg 
hing to uncover an entirely new layer of gene 
regulation by using the same strategy to erase 
portions of genes that make snippets of RNA. 
Justasknockouts of traditional protein-coding 
xenes yielded a treasure trove of knowledge 
about how different genes govern health and 
disease, this next generation of knockouts 
could fill in the gaps that remain. 

Ina flurry of papers, four independent 
groups have for the first time deleted mouse 
genes for microRNAs, RNA molecules that 
ean modulate gene behavior. Each time, the 
rodents were profoundly affected, with 
some Is dropping d 
heart trouble and others suffering 
crippling immune defects, 

Since their discovery more 
than a decade ago, microRNAS 
have electrified biologists, 
ce ists estimate that the 
human body employs at least 
500 during development and 
adult fife. But it wasn’t clear, 
especially in mammals, how 
important individual microRNAs 
were, because some evidence sug 
gested that these gene-regulators 
had backups. In worms, for 
example, erasing a particular 
microRNA by deleting the rele- 
nt stretch of DNA occasionally 
had a dramatic effeet but more 
often didn't appear to do much 

“Lthink there was a fear that 
nothing could be found” by delet- 
ing microRNA genes in mammals 
one at atime, says David Corry, an 
immunologist at Baylor College of 
Medicine in Houston, Texas. As it 
the opposite is true. 
a lot more that the 
microRNAs are doing that we 
didn’ 


te until now." says (above, lef. 


Frank Slack, a developmental 
biologist at Yale University who studies 
microRNAs in worms. 

‘Two of the groups that produced the mam- 
malian microRNA knockouts deleted the 


effects on the mouse immune system on pages 
604 and 608. One team was led by Allan 
Bradley at the Wellcome Trust Sanger Institute 
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and Martin Turner of the Babraham Institut, 
both in Cambrid and the other by 
Klaus Rajewsky of Harvard Medical School 
in Boston. The other teams, one whose results 
‘were published online by Science on 22 March 
(www.sciencemag oy egi/contenvabstract 
O89) and one whose work appears in 
) April issue of Cell, eliminated di 
nt microRNAs and documented defects 
in mouse hearts 

The two groups that deleted miR-15S 
found that the rodents’ T cells, B cells, and 
dendritic cells did not function properly, keav= 
ing the animals immunodeficient. The muta- 
tion also cutdown the number of B cells inthe 
gut, where the cells help fight infection, and 
triggered structural changes in the airways of 
the lungs, akin to what happens in asthma. 


Missing molecules. Compared to a normal mouse heart (op, lef), one from a 
‘mouse with a deleted microRNA (top, right) overexpresses a skeletal muscle gene 
{in ed), among other delects. Erasing a different microRNA increased collagen 
deposits (green) in mouse lungs (above, right) compared to a normal organ “reallydoleave opena lot more ques 


Still, left alone in a relatively sterile lab, 

g miR-155 survived easily. But 
when vaccinated against a strain of salmo- 
nella, the animals failed to develop prote: 
tion against the bacterium—as quickly 
became apparent when most who were 
‘exposed to it died within a month. “The ani- 
mals were no longer able to generate immu- 


* says Turner, an immunologist 
Biologists typically see a specific defect 
when they knock out a protein-coding gene, 
but eliminating a microRNA may pack a 
bigger a punch, because many are thought 
to control multiple genes. In the case of 
miR-155, “you get much broader brush 
strokes ... [and] very diverse immunologi- 
cal perturbations,” says Corry. 
There's a flip side to the promiscuity of 
microRNAs: A single gene may be the tanget 
Jed some biologists 
to speculate that built-in redundancy would 
aused by deleting individual 
ORNAS. In the Cell study in which 
miR-1-2 was deleted, the microRNA actually 
hhas an identical twin thats encoded by a gene 
‘on another chromosome. “We thought that 
weld have t delete both of them t 
see any abnormality in the animal, 
says Deepak Srivastava of the Uni- 
versity of California, San Fran- 
‘isco, who led the work. But half of 
his group's mice died young of 
holes in the heart, Others later died 
suddenly, prompting Srivastava 
and his colleagues 10 look for, and 
find, heart rhythm disturbances, 
The heart problems discovered 
by Eric Olson of the University of 
Texas Southwestern Medical C 
ter in Dallas and his colleagues, 
which are also described on page 
575, were more subtle. They erased 
the microRNA miR-208 and at 
first thought the mice were normal. 


ing atherosclerosis and blocking 
thyroid signaling, did they observe 
that the animals” hearts reacted 
inappropriately to such strain, 


The four teams that knocked out 
the various microRNAs still don't 
know all the get ts of each 
molecule. The findings, says Tuer, 


tions than perhapsthereaareanswers” 

One is whether these and other 
microRNAs help explain inherited defects in 
diseases for which genes have been elusive. 
ments from cancer to Alzheimer’s disease, 
's Carlo Croce of Ohio State University in 
Columbus, who is studying microRNAs in 
malignancies, may “have a microRNA com- 
ponent.” It’sone that scientistsare beginning to 
hunt for in earnest “JENNIFER COUZIN 
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BIG FACILITIES 


Researchers Get in Synch Down Under 


MELBOURNE, AUSTRALIA—When his protein 
crystals melted en route to Japan last June, 
Jose se bemoaned the loss of “months 
of work.” Varghese, a protein crystallographer 
who directs the structu 
CSIRO, Australia’s na 
had planned to use Japan's Photon Factory to 
study the structure of human fs amyloich a pro- 
tein implicated in Alzheimer's disease. Now 


he no longer has to worry about proj 
\wrecking long-distance journeys: Starting this 
summer, he will be able to earry out the same 
studies without leaving the continent. 

Last week, the state of Vietoria unveiled 
the $170 million Australian Synchrotron 
the nation’s first, “We've always been the poor 
hbor who can’t come to the party.” sa 
Dean Morris. a physicist who has directed the 
machine's const i fine-tuning. But 
with a synchrotron of theirown—and the only 
one on this side of the Southern Hemi- 


ct 


set to come online in July, Morris 
says. “Australia will be a destination for 
researchers from around the work.” 

Australia is pinning much of its hopes for 
blossoming into a science powerhouse on 
what is essentiall 
microscope. By ting 
nearly the speed of ight and bending their path 
within a 200-meter-long magnetic racetrack, 
the synchrotron produces pencil-width beams 
Of photons a million times more intense than 
sunlight, The Australian Synchrotron will not 
be the most powerful in the world: that title 
§ belongs othe SPring-S synchrotron in Hyogo, 
2 Japan. Butts design allows fora wide range of 

applications, from nanotechnology and cell 


sphere 


§ biology to forensic sciences. Because of this 
2 versatility, the synchrotron “has attracted 
& more support across the whole spectrum of 
4 
5 


national science thanany other project in Aus- 
says John Brumby 


tralia’s research history 


Australia's minister for innovation. 

Ac full capacity, the synchrotron is expected 
to host as many as 1200 scientists a year, upto 
athird of whom will be from abroad, (Four of 
13 planned beamlines will be available by sun 
mer.) The dream, Morris says, “is to put Aus 
tralia.on the scientific map fori 


the ITER fusion reactor now being built in 
Cadanache, France. “We have the expertise to 


take part in these sorts of projects. but without 
any world-class research facilities of our ow 


we're not considered as being in the same 
league.” The new synchrotron is half of the 
solution, Morris says. The other half is a new 
research reactor near Sydney 
n older facility that provides neutron beams 
materials science experiments 
Earning respect isn’t the only aim, The 
synchrotron should also boost homegrown 
products: Cast 
instance, will reveal the fine structure of 
fibers and enable scientists to tinker with tex- 
tile properties. And the country’s mining 
establishment will benefit from a future 
beamline dedicated to minerals research, The 


he high beams on wool, for 


facility “will transform the techni 


nature of 
many Australian industries.” predicts syn- 
cchrotron director Robert Lamb, 

Lamb and others hope the new 
Will help squelch one export: scientific 
By opening major science facilities. Aus- 
tralian universities hope to entice top expatri- 
ate scientists to come back home. “These 
will enable Australia to compet 


tools 
effectively with researchers i 


the strongest 
Northern Hemisphere countries,” says Robert 
Robinson, head of the Bragg Institute in 
Sydney, The Australian Synchrotron puts out 
its first cal for project proposals next month. 

“JOHN BOHANNON 
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Things Looking Up 

To keep up wit other spacefaring nations, the 
United Kingdom needs its own space agency, 
the Royal Society said this week in a submission 
toa government consultation aiming to draw 
up a space strateay forthe years 2007-10. 
With government spending spread across nine 
departments and funding agencies, Britain's 
space effort lacks focus, the society says, mak: 
ing it particularly hard for the U.K. to speak 
with one voice when negotiating bilateral pro} 
ects apart from the multinational programs of 
the European Space Agency. 

Anew national agency would replace the 
British National Space Centre, which now plays 
a coordinating role but has a staff of just 45 and 
mio budget ofits own. The U.K. spent just over 
$400 million on space research and missions 
in the 2005-06 fiscal year and provides only 
79% of the budget ofthe European Space 
Agency; Franice and Germany give 25% and 
20%, respectively, “Itcan be difficult at times 
to get agreements for international missions,” 
says space scientist Andrew Coates of Univer 
sity College London, “A more effective voice 
would be extremely welcome.” But t's not al 
about perception. “We should be fighting for 
mote money for space,” Coates says, “Our ambi 
tions go far beyond what we can currently do,’ 

“DANIEL CLERY 


Lights Out, Please 


Astronomers upped the ante in their efforts to 

fight light pollution with an international con: 

ference last week that drew up a declaration on 

a “right to observe the stars” and promoted the 

idea of specially protected dark-sky reserves, 

“There's lots of protection for different env 

ronments, Now there isa movement to look at 

the night sky in the same way,” says Graham 

Bryant of the British Astronomical Association, 
AUNESCO-sponsored 

meeting, Starlight 2007 

brought astronomers 

together with tourism, env 

ronment, and culture experts 

on the Spanish island of La 

Palma, whose dark night 

skies have been protected by 

law since 1988. “By mixing 

up the various communities, 

everyone wins,” says David 

Crawlord, head of the international Dark Sky 

Assocation. Cipriano Marin of UNESCO sug; 

‘gests that tourism authorities in astronomy hot 

spots such as La Palma and Hawaii could 

develop trip packages that exploit each locale as 

a “clean-sky destination 


DANIEL CLERY 
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Killing Whales 
For Science? 


Astorm is brewing over plans to expand 


Japan's scientific whaling program 


WHEN LOUIS HERMAN, PROFESSOR EMERITUS 
at the University of Hawaii, Manoa, sets out 
to study humpback whales in Hawaii, the 


goal is to see th lividuals, His 


team identifies whales genetically, with 
small skin samples taken with a retractable 


t, and physically, with photos of their tail 
flukes. Whale by whale, he and other marine 
biologists around the world are building a 
picture of population rebounding from the 


overhunting of the last century. At the same 
time, however, another kind of study is 
planned for Antarctic humpbacks: Japanese 
researchers plan to kill 50 annually in an 
effort they claim will help explain eco- 
system dynamics in the Southern Ocean. It 


would be the first time in 33 years that 
humpbacks have been killed for science 
Japan's intention to expand their scien- 
tific whaling, which has been condemned by 
many Western scientists, will be discussed at 
What all expect to bea fiery meeting next 
month in Anchorage, Alaska, when some 
her for the Scientific 
Committee meeting of the International 
Whaling Commission (WC): it will be fol- 
lowed by the commission's full-court meeting 


200 whale researcher 


which is expected to be equally rancorous.” 


+ 59th Annual Meeting of the International Whaling 
Commission, 4-31 May, Anchorage, Alaska, 
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joing to be some fireworks. 
DeMaster, a n 
biologist, director of the Alaska Fisheries 
Seattle, Washington, and 
1¢ US. deleg 


The roster is peppered with contentious 


There are 
dicts Dou: 


pre 


Science Center i 


Ly commissioner of 


topics, including aboriginal subsistence 


whaling and whales as bycatch, but none isas 
explosive as scientific whaling 


Even before the delega 


tempers are far 


of Antarctic minke whales (in 2005, it 
upped its annual take from 440 to 935) and 
its plans to kill SO humpback and $0 fin 
Ifa 
commercial whaling, it should just come 


whales each year man wants to resume 


‘out and say that’s what it’s doing.” fumes 
marine biologist Nick Gales ofthe Australian 
Antarctic Division in Kingston, Tasmania, 
who isa member of IWC's Scientific Com- 
mittee (IWC/SC). “But to do this in the 
name of science is simply not defensi 


Scientists a 


the Government of Japan's 
Fisheries Agency, which oversees the 
hunts, contend that their project is indeed 


scientific. “We are attempting to build an 


ecosystem model of the Antarctic’s South- 
i Morishita, direc- 


ern Ocean.” explains J 


tor for the agency’s intet 


tions. “And to do that, we need to include 
data from the humpback and fin whales, 
2007 VOL316 SCIENCE 


ise. Humpback population ore 
arking: planeta WUE 
‘Wem for research pUrpOsesiies 


‘tebounding: 


since their biomass now equals that of the 
minke whales. We need to know their nu 


bers, what they eat, how much, when and 
where, and whether they are outcompeting 
her whale species.” 


The issue highlights the sharply differ- 


and resource management, Humpbacks, for 


example, were nearly hunted to extinetion 
in the 20th century and now serve as the 


poster child for many conservation organi= 
zations; most Western nations consider 
them, as well as the fin whales, to still be 
J. But Morishita takes a different 
I's dangerous to make the hump- 
back a special animal that cannot be used," 


endang 


he says. “What's wrong with using an abi 
dant species while we still protect the 
endangered ones? 


Some fear that the tension may ulti- 
mately break the fragile convention itself 
The 73-member voluntary organization is 
virtually divided between pro- and anti- 
whaling nations and suffers from unhappy 
memories of previous meetings marred by 
insults and physical attacks. IWC 
say, is sinking like a harpooned humpback 
(although at lea 
this year, as each side cultivates new 


many 


st Six new countries will 


joi 
members). Scientific whaling “has polar- 
ized the [IWC’s] Scientific Committee.” 


2 
i 
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says Scott Baker. a conservation geneticist 
at Oregon State University’s (OSU'S) 
Marine Mammal Institute in Newport. 
“We're asked to review Japan's proposals, to 
treat them as science when they are not 
And that is objectionable.” 


In the beginning 
Scientific whaling was not the original 
purpose behind IWC, which serves as the 
decision-making body for the International 
‘Convention for the Regulation of Whaling 
(CRW), Rather, it was set up in 1948 for the 
interests of commercial whaling, At the 
time various nations, including the United 
States, were concerned that many species of 
the great whale were being overhunted 
Accotding to ICRW’s charter, it was organ- 
ized “to provide for the proper conservation 
‘of whale stocks and thus make possible the 
orderly development of the whaling indus- 
tty." The convention also sanctioned seien- 
tific whaling under the four sentences of 
Article VILL, which allows members to 
ich whales for scientific purposes. Coun- 
tries doing so are charged with regulating 
their own hunts, with no cateh limits or 
oversight from member nations, 

Article VIII was drafted by Norwegian 
whaling expert and first chair of IWC, 
Birger Bergersen, now deceased. “Its clear 
that in his mind he was thinking that the 
number of whales a country could take for 
science was less than 10; he didn’t intend 
for hundreds to be killed for this purpose.” 
says Lars Walloe. a physiological biologist 
at the University of Oslo, Norway. who has 
Written about Bergersen and heads the 
Norwegian delegation to the Scientific 
Committee, “He had in mind, for instance, 
the possibility of finding a new animal and 
thus needing to take some in order to 
describe them scientifically” 

In 1982, with many populations plum- 
meting to near-extinetion levels, IWC 
‘enacted a moratorium on commercial whale 
ing. which took effect in 1986, and its focus 
shifted to conservation, “The moratorium is 
probably one of the greatest conservation 
sucess stories of the 20th century.” says 
Phillip Clapham, a marine biologist with the 
Alaska Fishe nce Center in Seattle 
“Many species of whales that were really 
hammered are now making remarkable 
comebacks.” including some populations of 

¥ humpback and fin whales. But some blue, 
3 right whale, and bowhead populations 
3 remain worrisomely low. he adds. 
2 
g 
8 


Notevery IWC nation joined the morato- 
rium, Member nations can lodge formal 
objections to the body's decisions, which it 
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has no authority to enforce. Norway 
objected and has continued commerci: 
hunting of minke whales, which are smaller 
(8 meters in length) baleen whales thought 

number in the hundreds of thousands. 
t year, Norway unilaterally upped its 
annual quota from 745 to 1052. Japan settled 
on a different tack, withdrawing its formal 
objection but launching scientific whaling 
programs in the Southern Ocean and North 
Pacific under Article VIII. In the past 

years, Iceland has also started both scien- 
tiffe and commercial whaling programs 
targeting minke and fin whales, although 
its take is only a fraction of Japan's (see 
table, below). 

Although many whale researchers decry 
Ieeland’s decision. they are even more 
alarmed by the ever-increasing scale of 
Japan's scientific program and the fact that 
Japan kills whales within IWC’s Southern 
Ocean Whale Sanctuary. Under the seien- 
tific whaling program launched in 1987 
(called JARPA, for Japan's Whale Research 
Program under Special Permit in the Antare- 
tic), the Japanese have killed an estimated 
£6500 minke whales there; that compares to 
about 2100 whales killed worldwide under 
Article VIII by all nations combined 
between 1952 and 1986, 


Japan began its second scientific whaling 
‘operation (JARPN) in the North Pacific in 
1994, where it targets minke, Bryde’s, s 
and sperm whales. According to Article 
VIII, the meat from these hunts should be 
used, and despite low demand, it is available 
in Japanese markets. Some is now stewed in 
ketchup at schools for lunches, and some 
can be found in restaurants and for sale 
online, says Naoko Funahashi, a conserva- 
tionist with the International Fund for Ani 
mal Welfare in Tokyo. 

In 2005, at the $7th IWC meeting in 
Ulsan, South Korea. Japan stunned IWC'SC 
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with its announcement that it was beginning 
a new operation (JARPA II), which would 
include taking humpback and fin whales in 
the Southern Ocean Sanctuary. So far, it has 
ed 12 fin whales and intends to 
in 2007-08, 


Science under scrutiny 
Under the convention, the Si 


sntific Com- 
mittee is required to review scientific whal- 
ing proposals, and many researchers are 
cal of the results of JARPA L 
ence and data are very poor,” says 
Clapham, echoing a complaint voiced by 
many other IWC/SC members. “It's outra- 
geous to call this science; it's a complete 
charade,” charges Daniel Pauly, director of 
the Fisheries Centre at the University of 
British Columbia in Vancouver, 

The committee produced a consensus 
ww of the 18-year JARPA I study last 
snber, but the document ineludes few 
agreement, On minke whale abun- 
dance: “The workshop has not developed 
any agreed estimates.” On the role of whales 
in the marine ecosystem, “relatively little 
progress has been made 

‘Yet the Japanese stand firmly by the sei 
behind their whaling program. “We 
these criticisms all the time,” says. 


* 2006 data incomplete, 


Morishita. “A lot of non-Japanese scientists 
are always calling for us to submit our data, 
and we present our research results every 
year to the Scientific Committee and at 
‘other scientific meetings, If they think our 
data is so useless, | don’t think they'd 
demand it. We would also like to publish our 
papers in more leading Western science 
Journals.” but Morishita perceives these as 
sed against scientific whaling. “We 
are also the only scientists collecting ae data, 
‘on these populations.” Scientists determine a 
whale’s age by its waxy ear plugs. which 
can only be studied if the whale is dead. 
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Morishita argues that humpback 
sand fin whales are now compet- 
ing with the minke for krill and 
says their new program will test 
this idea. 

Some researchers 
the Japanese data are 
They are doing valid scienc 
says Norway's Walloe, point 
in particular to Japanese genet 
data that suggest the minke 
whale numbers in the Southes 
Ocean are declining, and th: 
minkes there are growing slimmer, losing 
blubber. “Whether or not it is necessary for 
their study to take so many hundreds of 
whales every year for science. | cannot com- 
ment.” Walloe adds that the J 
provide biopsy samples, which are rare from 
large baleen whales in the Southern Ocean. 

But these data ean be gathered without 
killing the whale, say Herman and others, 
“The Japanese want to ask which breeding 
populations the whales belong to. if these 
are growing, and where do they feed." says 


¢ also 


Gales, “These are all questions which can be 
answered using nonlethal techniques includ- 
and 
genetic studies.” He and many others are 
unconvinced by the idea of food competition 
and say that it betrays an overly simplistic 


ing observation, satellite tracki 


view of complex marine ecosystems, 

Researchers on all sides agree that the 
humpback whales’ numbers in the South- 
ern Ocean are increasing. Indeed, the 
data should “im happy.” sa 
Morishita, “Their numbers are so Lai 
now that their increase seems to be 
adversely affecting the minke whale. We 
‘want to see if that is the ease 


ke every! 


Taken. Japanese ships catch minke whales lke this one, as well asa few other 
nN species, under scientific programs. 


But Clapham says not all southern 
humpback populations are rebounding 
Whales from a variety of breeding popula- 


ig area of the 


fe part of (Wo fairly 
large populations (totaling nearly 20,000) 
that travel from Antare 
coasts, where they mate 


a to Australia’s 
nd birth their 
calves, Others, however, hail from far 
smaller populations that breed in the waters 
off Fiji, New Caledonia, and Tonga. “The 
stocks were devastated by illegal Soviet 
in the late 1950s and "60s," says 
Clapham. “They've never r and 
still number in the mere hundreds or fewer. 
But they feed in Antarctica with the whales 
from Australia. It's impossible to tell them 
apart; they don’t their backs, 
How are the Ja 
don’t 


covered 


es for future harvest. Whaling 
‘can be done sustainably. which is why 
Japan collects the kind of d 
Walloe. “If whales are go 


does.” 
1g t0 be hunted in 


a sustainable manner, then we 
need this kind of information 
But, if we're not going to kill 
any whales, then it could be 
ued we don’t need it.” And the 
killing of whales, he notes, has 
now become more ofa political 
than a sciemtific question. 
Because the scientific whal- 


ing program is “out of control.” 
says former U.S. Whaling Com- 
missioner Rollie Sehmitten, it 
might be better to just phase it out 
and permit tightly controlled commercial 
1, while prohibiting any international 
trade in whale meat. IWC has attempted to 
nilar agreements at its annual 
but it has always 
failed, partly because some countries 
notably Australia, New Zealand, and the 
United Kingdom, refuse to consider remov- 
ing the ban. Meanwhile, subsistence hunts by 
aboriginal peoples in the United States, 
Russi ind, and the Caribbean nation 
‘of St. Vincent and the Grenadines are alsoup 
for renewal this year, All this sets the stage 
fora contentious meeting when the full IWC 
hers at the end of May 

Asa small island nation, Japan defends its 
right to m panese generally 
perceive antiwhaling sentiment as anti- 
Japanese, says Funahashi, But she holds out 
hope for change. “Most Japanese don’t know 
that we hunt whales in Antarctica," she says, 
“They think it’s only in Japanese waters 
When they hear about this other, they don’t 
approve. Now more Japanese are going whatle 
‘watching, and this is changing people's att- 
tudes.” Irs harder, afier all, o eat an animal 
you know. VIRGINIA MORELL 


ings since 1996, 


ne resources. 


CROSS-CULTURAL RESEARCH 


Pentagon Asks Academics for Help 
In Understanding Its Enemies 


‘A new program at the U.S. Department of Defense would support research on how 


local populations behave in a war zone 


The faq War was going badly in Diyala, a 
northern province bordering Iran, in late 
2005. A rash of kidnappings and roadside 
explosions was threatening to give insur- 
gents the upper hand. Looking forinsightson 
how to quell the violence, the U.S, Depart 
ment of Defense invited a handful of 
researchers funded by the agency to build 
‘computer models of the situation combining 
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recent activity with cultural. political, and 
economic data about the 
DOD-funded anthropol 

The output from one model, developed by 
Carley and her col- 
Mellon University in 
. Pennsylvania, connected a series 
y disparate incidents to local 
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by computer scientist Alexander Levis and his 
colleagues at George Mason University 
(GMU) in Fairfax, Virginia, offered a better 
strategy for controlling the insurgency: 
ting Iraqis to take over the security of two 
‘major highways, and turning a blind eye to the 
smuggling of goods along those routes, the 
model found, would be more effective than 
deploying additional troops. The model 
suggested that a planned information cam- 
ppaign in the province was unlikely to produce 
results within an acceptable period of time: 
Researchers and DOD officials say these 
hts, however limited, demonstrate a role 
for the social and behavioral sciences in com- 
bat zones. And a new program called Human 
Social Culture Behavior Modeling will 
greatly expand that role. John Young Jr. direc~ 
tor of Defense Research and Engineering and 


insi 


architect of the program, has asked Congress 
for $7 million for fiscal year 2008, which 
begins on 1 October, as a down payment on a 
6-year, $70 million effort. Agency off 
expect to direct an additional $54 n 
existing funds to social science modeling over 
the next 6 years. Under the new program, the 
agency will solicit proposals from the 
research community on broad topic areas 


‘als 
jon in. 


announced periodically, and grants will be 
awarded after an open competition 

Officials hope that the knowledge gained 
from such research will help US. forces fight 
‘what the Bush Administration calls 
\war on terror and help commanders cope with 


aan incendiary mix of poverty, civil and reli- 
gious enmity, and public opposition to the 
US. 
avoid situations where nation states have 
unstable governments and instability within 


led occupation of Iraq. "We want to 


populations, with disenfranchised groups cre- 


ating violence on unsuspecting citizens,” says 
‘Young. “Toward that goal, we need computa 
tional tools to understand to the fullest extent 
possible the society we are dealing with, the 
political forces within that government, the 


social and cultural and religious influences on 
that population, and how that population is 
likely to react to stimuli—from aid programs 
to the presence of US. troops.” 

‘The approach represents a broader and 


more scientific way to achieve military objec- 


tives than by using force alone, according to 
Young. “The military is used to thinking about 
“This is 


bombs, aircraft, and guns.” 
about creating a populat 
where people feel that they have a voic 
opportunity.” Such tools would not replace the 


war games that military commanders cur- 
rently use to simulate combat betwe, 


ventional defense forces. Ins 
‘would give military leaders knowledge about 
other options. such as whether improving eco- 


homie opportunity in a disturbed region is 


more likely to restore order than imposing 
martial law and hunting down insurgents. 
Once developed in academic labs, the soft- 


ware would be installed in command and 
control systems, 

The phan has drawn mixed reaetions from 
defense experts. “They are sm 
thing they shoutdn’t be.” says Paul Van Riper. 
a retired lieutenant gener 
director of intelligence for the U.S. Army in 
the mid-1990s, Huma 
complex to be modeled, he says: “Only those 
\who don’t know how the real world works will 
be suckers for this stuf” 

But retired general Anthony Zinni, former 
chief of US. Central Command and a vocal 
critic of the Administration's handling of the 


who served as 


Iraq War, sees value in the program, “Even if 


these models turn out to be basic.” he says, 


“they would at least open up a way for com- 
manders to think about cultural and behav- 
ral factors when they 


nake decisions—for 


im is not the first time the 
military has tried to integrate cultural, beh: 
ioral, and economic aspects of an adversary 
into its battle plans, During the Cold War, for 
example, US. defense and intelligence 
cies hired dozens of ists 10 pr 

pare dossiers on Soviet society. Similar efforts 
were made during the U.S. war in Vie 


with litte success. But proponents say that 
today’s researchers have a much 2 
ity to t data and ana 
aly 
‘detecting hidden pattems 


rithms capable of 


A few such projectsare already under way 
At the University of Maryland, College Pak, 
‘computer scientist V.S. Subrahmanian and his 


loped sofiwa 


extract specific information about violent 
incidents from a plethora of news sources. 


They then use that information to tease out 


rules about the enemy's behavior. For exam- 
ple, an analysis of strikes carried out by 
Hezbollah, the terrorist group in Lebanon, 
showed that the group Was much mo 
to carry out suicide bombi 
when it was not activel 


tht could potentially 
help security forces predict and counter sui- 
cide attacks. “This is a very coarse finding. 
not the last word by any me: 
Subrahmanian, adding that a lot more data 
and analysis would be needed to refine that 


ns.” cautions 
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rule as well as come up with other, more use- 
ful ones. Last year, the researchers applied 
their tools to provide the U.S, Army with a 
detailed catalog of violence committed 
jinst the United States and each other by 
tribes in the Pakistan-A fghanistan region. 
Other modeling projects are addi 
more fundamental questions, With fundi 
from the Air Force Office of Scientific 
Research, mathematical economist Scott Page 
‘of the University of Michigan, Ann Arbor, and 
his colleagues are modeling societal change 


under the competing influences of an individ- 


ual’s desire to act according to his or her val- 


ues and the pressure to conform to social 
norms. The work could shed light on which 


environments are most supportive of terrorist 
cells, information that could help decide 
where to focus intelligence-gathering efforts 
and how to bust those cells, The research, 
could also help estimate, by looking at factors 


such as rise in unemployment and growing 
social acceptance of violent behavior, when a 
population may be plunging into chaos, That 
in turn could help commanders and policy- 


makers decide when and hov to intervene. 

Accomplishing those goals isa tall order 
Page admits. “Despite tons and tons of data 
from US. elections." he says, still not 
od at predicting how people will vote.” 
Building comprehensive and realistic 
Menge that will 
require enormous amounts of empirical data, 
says GMU'S Levis, a former chief scientist of 
the US. Air Force. But it is doable, he says, 
adding that the field will benefit greatly from 


models of societies is a cl 


sociall science researchers and com- 


puter scientists. “The goal here is to win pop- 
ular support in the conflict zone.” he says 
~YUDHIJIT BHATTACHARJEE 
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CARBON EMISSIONS 


Improved Monitoring of Rainforests 
Helps Pierce Haze of Deforestation 


Deforestation produces a significant amount of greenhouse gas emissions through 
burning, clearing, and decay. But exactly how much? 


Twenty-five years ago, the best way for Brazil- 


ian scientists to gauge the rate of deforestation 


in the Amazon was to superimpose dots on 


satellite photos of the world’s langest rainforest 


that helped them measure the size of the 
affected area. INPE, the 
responsible for remote deforestation monitor- 


ing, didn'trele 


.¢ regional maps and refused to 


explain its analytical methods, The result was 
lata that few experts found credible 

Today, Brazil's monitoring system is the 
envy of the world. INPE has its own remote 
sensing satellite, a joint effort with China 
launched in 1999, that allows it to publish 


yearly totals of deforested land that scientists 
r data from NASA's 
7-year-old Terra satellite, INPL 
automated weekly clear-cutting alerts that 


das reliable, Usin 


also provides 


other tropical nations would love to emul 


Peering Through the Clouds 


Not so hazy. An i 
deforested areas visit 


NATION SATELLITE SENSORS RESOLUTION 
US. Landsat’ Optical 30m 

US. Landsat 7 Optical 30m 

India 1RS-2 Optical» 656m 
Japan AOS Radar 50m 
China’ CBERS-2 Optical 20m 

Brazil 

US. Terra Optical 250-1000 m 
France SPOT Optical 20m 
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And image-analysis algorithms have elimi: 


nated the need for measurement dots. 


round, 
Michi 


They've really turned thing: 
vid Skole 
State University in East Lansing, 


forestry scientist E 


Generating good data on deforestation is 


more than an academic exercise. The process 


of cutting down forests and clearing the 
land—by burning the wood, churning soil for 

srazing, and allowing the 
remaining biomass to decay—produces as 
much as 25% of the world’s yearly emissions 


makes keepin 
crucial issue for 


bs on deforestation 


officials ne future climate 


meeting next 
month in Bonn, Germany, and one next year 
Bali to extend the 1997 Kyoto 
after ts 2012 expiration, 


fers images every 16 
days to any nation with satellite receiving station. 


Some researchers have managed to use it 
celfectively despite a crippled sensor. 


Experimental craft shows promise, 
although images are hard to acquire 


Researchers hope cloud-penetrating radar 
could be key to deforestation studies, 


Experimental; Brazil uses on-demand images 
to bolster their coverage. 


Data easily available, almost daily. 


Indonesia, Thailand use alongside Landsat data, 
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Des 
in monitoring deforestation, the uncertainties 
ill substantial. The 
ata and field measurements on the 
amount of deforested land is between 5% and 
10%, say researchers, And the error bars on 
estimates of the amount of CO, 


solid improvements by scientists 


p between remote- 


released by 


clear-cutting those tracts, they note, are 


25% to 50%. Those errors, related to gaps in 


fundamental understanding of forest carbon, 


will make it harder for developing nations to 


verify the extent to which they have managed 


to reduce deforestation and. thus, reduce their 
output of 
u 


reenhouse gases. In tum, the une 


nly undermines efforts to convince skepti 


cal lawmakers in industrialized counties that 


efforts to diminish deforestation should be a 


part of future climate-chi 
‘We need to get these error bars down, 


jons veteran Annie 


says climate negotia 
Petsonk of Environmental Defense (ED). 
a New York City-based nonprofit, More 
precise satellite data for calculating carbon 
flux could also shed light on the role of 
trees in the global carbon cycle, a key 
i whether global 


redient in understandin 
warming will accelerate, 


Margins of error 
When negotiators in 2001 agreed on what the 


Kyoto treaty would cover, they omitted defor 


estation, One reason was fear that clear- 


cutting halted in one country trying to achieve 


its Kyot 


goals would move to another coun: 
der less pressure to curb the pra 


But uncertainty about the science didn’t help, 
At the time, INPE was releasin 


not maps 


only totals, 


and few nations had experience 


turning visual data from Landsat 5 and other 


ted totals, 
hat it’s 


s (see chart, lei) into int 


‘d have [negotiators] sayi 
impossible to measure deforestation, 
st Paulo Mountinho of the Amazon 


ecole 


Institute of Environmental Research at Para 
State, Brazil, “There was all this data but not 


know-how. 


adds regional ecologist 


Greg Asner of the Carnegie Institution of 
Washington in Stanford, Califomi 
In the last 5 years. a 


cadre of 


researchers in rainforest nations has begun 


satellite data to monitor their forests; 


he list includes India, Thailand, and Indone- 
sia. In addition to Brazil's weekly alert system, 
ris across the Americas are making 
rased use of NASA'S medium-resolution 


Terra, which can sean any point on Earth 

roughly each day, at a decent resolution, 
Policymakers are taking 

ased capacity 


notice of that 


A side presentation on 
that Asner offered at the 
tional climate meeting in Montreal in 


detec 


intern 


December 2005 drew hundreds of negotia- 
tors. There, Papua New Guinea and Costa 
Rica proposed including credit, after 2012. for 
efforts to curb deforestation. The idea has 
gathered momentum, and environmentalists 
are hoping that next month's meeting in Bonn, 
‘convened by a United Nations technical body, 
‘ill lay the groundwork to measure and credit 
action against deforestation by developing 
‘counties. “The science has really driven the 
policy.” says ED'S Stephen Schwartzman, 
The Bonn delegates will confront a number 
of technical challenges. The first is how to 
reduice primary errors in detecting forest losses 
from space. Brazil's yearly survey, dubbed 
PRODES, is based on the situation each 
August, before fall clear-cutting season, and 
uuses sofiware that searches images for bare 
‘ground, But Landsat passes overany one forest 
‘area only twice ina month, and clouds ean 
“obscure areas during one or both passes. Any 
saps are filled with data from July or 
ber, massaged with algorithms. “You're pro- 
Viding the best of your knowledge.” says math- 
ematician Thelma Krug of INPE, which 
reported that 18.793 km? of Amazon forest, 
with 3 4% margin of error, were destroyed in 
2005, That figure includes only clear-cutting, 
because the satellites’ 20- to 30-meter resol- 
tion cannot detect less dramatic disturbances. 
One important omission is selective log~ 
‘zing for timber, says Asner. In 2005, his team. 
determined the fraction of green reflectance 
from each Landsat pixel, aided by consider- 
able fieldwork to calibrate how nonvisual 
light frequencies could inform that ealeula- 
tion, They concluded that Brazil was omitting 
a whopping 12,000 kn? or more of so-called 
tively logged forest 
areas per year (Science, 
21 October 2005, p. 480). 
Asner fears that any sys- 
tem rewarding efforts to 
halt d 
miss a substantial source 
# of emitted carbon if selec 
i tive logging is not included. Others believe 
that logging has less of an impact: Skole says 
§ Asner could 
lands for logged forests because their 
in infiared image can “mimic ... a logged for- 
g est.” He also notes that many logged areas 
[: Fie back. INPE estimates that the per- 


ve mistaken thin forests or 


hectare emissions from selective logging are 

26 of those from clear-cutting. 

‘ven if scientists improve their monitoring 
of activities on the ground, however, they have 
J only crude methods of calculating bow much 
© carbon a particular area of rainforest will emit 
once cleared. Estimates of the Amazon's total 

& organic stock of carbon—including living and 


wewwsciencemsa.o1g 


“We need to get these 
error bars down.” 

—Annie Petsonk, 

Environmental Defense 


Global Deforestation, 1990-2000 


A 


Wl 0-6% Deforestation 
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Wi 7%-17% Delorestation J 18%~50% Deforestation 


Going, going... Tropical delorestation, in hot spots including Brazil, Madagascar, Indonesia, and West 


‘Arica, isa big driver of rising CO, levels. 


dead trees—range from 60 billion to 120 bil- 
lion tons. National estimates are equally 
uncertain: Brazil calculated that deforestation 
and loss of grasstand had emitted roughly a 
billion tons of CO, into the atmosphere in 


‘ence that the margin of 

One problem is the heterogeneity of forests 
and the inability to identify denser, taller forest 
areas within larger regions. Historical sam- 
pling measurements in western Brazil only 
include trees at least 10 em in diameter. “We 
need more science.” says geographer Ruth 
Defies of the University of Maryland. Col- 
lege Park. One low-tech step, says ecologist 
Richard Houghton of Woods Hole Research 
Center in Massachusetts, would be repeated 
sampling of trunks and better biomass equa- 
tions that encompass the whole tree. “We don't 
have many studies that 
have looked below ground 
atthe roots." he-says. Even 
within a |-hectare site, 
he says, the variability 
is maddening. 

Better eyes would also 
help. Japan's Advanced 
Land Observing Satellite (ALOS). launched 
last year, uses radar to see through the canopy 
and spot cleared sites that Landsat’s cameras 
would miss. Initial results show decent contrast 
between forested and nonforested areas to a 
50-meter resolution, says Woods Hole’s Josef 
Kellndorfer. Upcoming ground studies in 
Brazil, Congo. and Uganda will aim to cali- 
brate ALOS's ability to estimate biomass, aided 
by interferometry that could infer tree heights. 

Radar would also bea boon to cloudy coun- 
tries such as Gabon, whose rainforests have 
been largely hidden from satellites until now. 
And ALOS's youth is also welcome. Widely 
available and relied upon, Landsat 5 was built 


fora 3-year stint and is nearing a quart 
century of labor, It “could go any moment, 
worries DeFries. Christopher Justice of the 
University of Maryland, College Park, says 
that possibility highlights the need for “better 
intemational cooperation" to make sure data 
from other sources is just as easy to share 


Ground truth 

DeFries says that those who eare about rain- 
forests shouldn't let the quest for improved 
detection stand in the way of making good use 
‘of what tsalready clearly visible. She's cheered 
by a campaign that has protected tens of thou- 
sands of square kilometers of Brazilian rain- 
forest since 2004. A general trend of falling 
beef and soy prices has helped by cutting 
«demand for land environmentalist say, So has 
daily data from Terra, analyzed by INPE, that 
Bravilian officials have used to probe roughly 
100 instances of possibly illegal deforestation, 
says INPE’s Dalton Valeriano, 

The government could step up itsenforce- 
ment activities, says geographer Carlos de 
Souza Jr. of independent watchdog Imazon in 
Brazil, if its mapping work were more soli 
Using the same data that INPE collects, de 
Souza has calculated monthly totals that 
exceed or fall short of the govemment’s num- 
berby thousands of square kilometers. He fi 
gers data-sampling techniques, clouds, or di 
ferent aggregating methods as possible cul- 
prits. And he worries that the government is 
Jearning about some illegal clear-cutting belat- 
‘edly, from the yearly PRODES survey. “The 
‘most important thing is stopping deforestation 
as itis happening. not after.” says de Souza. 

‘An international incentive system could 
strengthen Brazilian resolve, says Daniel 
Nepstad of Woods Hole. “If this is happening 
‘without a carrot, imagine what would happen 
with a carrot,” he says. ELI KINTISCH 
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MEETINGBRIEFS>> 


AMERICAN PHYSICAL SOCIETY | 14-17APRIL | JACKSONVILLE, FLORIDA 


Gravity Probe Researchers Report 
‘Glimpses’ of Long-Awaited Payoff 
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Snapshots From the Meeting >> 


Top mass. Fermilab’s Tevatron accelerator has reported 
‘anew valve for the mass ofthe top quark, nature's heav 
lest basic particle. Combining data from the Tevatron’s two 
experimental collaborations gives a top quark mass of 
170.9 + 1.8 giga-electron volts, Kevin Lannon of Ohio State 
University, Columbus, reported at the meeting 

Precise knowledge of the top quark’s mass is impor 
tant for determining the likely mass of the Higgs boson, 
the as-yet-undiscovered particle that physicists believe 
must exist in order for other particles to possess mass. Combined with the 
latest value for the mass of another relevant particle, the W boson, the 
new top mass implies that the Higgs may still lie in the range detectable 
by Fermilab experiments. The Higgs will be ane of the main quarries of the 
more powerful Large Hadron Collider near Geneva, Switzerland, sched: 
luled to begin operations later this year. 


Cosmic extinction. For years, scientists have pondered fossil evidence 
that mass extinctions of tfe on Earth occur at regular intervals, suagesting 


‘we Would leave other people to Worry about it 

Everitt and other scientists on the Gravity 
Probe B team point out that the experiment 
has value beyond just measuring relativistic 
effects, It has produced technical adva 


alre 
provi 
precision space probes, stich as the proposed 
tational rad 


dy used on other space missions and has 
ed helpful lessons for plan 


expe 
National Labora 


sion to measun 


space. 
And Will said that the very fact that the 
mission flew, and worked as well as it did 


after decades of w should be con: 


sidered a triumph. form that does not 

“Everything worked almost perfectly.” 
he said. “A few things didn’t work as well 
And there are these strange effects that 


ined beforehand 


neutrinos do. 


nobody could have ima ternational team of 


But that's physics.” 


Fermilab particle accelerator 


has soi 


Neutrino Study Finds 
Four's a Crowd 


The family of self-effae 
cles known as neutrinos should give up 


muon neut 


subatomic parti- 


hope for the existence of a 


eccentric 
cousin, new results from the Fermi National 
Accelerator Laboratory (Fermilab) in 
Batavia, Illinois, su; 

Physicists know of three types. or “fla- 


vors.” of neutrino, designated electron, 


muon, and tau for their associations with nos oscillat 
other particles with those names, Neutrinos 


are notoriously difficult to detect and are 


very nearly massless. They must, however, the meeting. 


possess at least a small mass, as they have 


Safe zone? Galactic plane may 
block deadly rays. 


shown the ability to switel idk 
trick impossible for massless particles, 
These identify shifts, or “favor oscilla 
tions,” have been well-established for 
years, Measurements of the oscillation 
provide clues to the differences in mass 
among the three known flavors. Such 
rents at New Mexico's Los Alamos 


1990s implied an unusually 
large mass difference, hinting 
that a fourth neutrino flavor 
ought to exist, ina 


other particles as ordinary 


Over the past decade, an 


a neutrino be 


evidence to confirm 
‘or refute the Los Alamos results. 
If correct, the Los Alamos find- 
ings imply that many of the 
ings in the Fermilab 
beam should oscillate into elec 


“We do not see any evidence for muon 


Los Alamos physicist Heather Ra 
member of the MiniBooNE team, s 


Although apparently rul 
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some periodic cosmic influence. The latest analyses find a 
62-million-year cycle in biodiversity, curiously close to 
the 64-million year oscillation of the solar system above 
and below the plane of the Milky Way galaxy. But if radi 
ation from sources within the galactic plane is to blame for 

biodiversity swings, the periodicity should be half as long, 
because Earth passes through the galactic plane twice each 
trip: on the way up, and on the way back, On the other 
hand, the 62-million-year cycle makes sense ifthe radia: 
tion attacks come from outside the galaxy, and only from 

‘one side, say Mikhail Medvedev and Adrian Melott of the 

University of Kansas, Lawrence. 

“The oscillation of the solar system gives you the right periodicity, 
but only if you have the effect on the north side," Medvedev said at the 
meeting. The reason, the Kansas scientists say, is that the whole galaxy 
is rushing toward the Virgo Cluster, north side foremost, When the 
solar system is north of the galactic plane, galactic magnetic fields no 
longer shield it from radiation assaults emanating from Virgo, A paper 
describing the analysis has been accepted for publication in the 
Astrophysical Journal. x. 


y inflight, Alamos evidence for a sterile neutrino, the 


MiniBooNE experiment turned up a possi- 
ble new mystery: a higher number of low- 


ergy electron neutrinos than expected 
ate from “back 

“They may be a misestimation of the 
background, but they may be interesting.” 
said team member Eric Zimmerman of the 


ound” sources. 


y in the 


sterile 
ract with 


searchers 


m ata 


[No trace. MiniBooNE’s sensor array failed to contirm earlier hints, 
(of noninteracting “sterile” neutrinos. 


tron neutrinos before reaching a 
detector $00 meters away. But the Fermilab 
experiment, known as MiniBooNE (for 
“Mini Booster Neutrino Experiment”). 
found no evidence for the brand of flavor 
shifting reported at Los Alamos. 


University of Colorado, Boulder 
Further analysis of the data and tests of 
new data now being gathered will be 


needed to clarify the reason for the low- 
energy anomalies, said Janet Conrad of 
Columbia University, 
the MiniBooNE team. “There's still some 
possibility that there are some bizarre 
effects going on,” she said 

TOM SIEGFRIED 
Tom Siegtred isa writer in Los Angeles, California 


one of the leaders of 


to electron neutr 


dat 


out the Los 
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edited by Etta Kavanagh 


Health Clues from Polar Regions 


IN HIS EDITORIAL “CELEBRATING POLAR SCIENCE” ON THE FOURTH INTERNATIONAL POLAR YEAR (IPY) 


(16Mar. p. 1465), an Leshner writes thatthe poles are 


Earth, ‘agree, the Special Issue on Polar Science (16 Mar., pp. 1513-1540) 


Although we certainly 


misses the opportunity to mention another promise ¢ 


provide options to better 


to be the pronounced deficit of breast (/) 
lations from lower latitudes. Why nwo of the leading 


Indeed, one of the main health characteristics of Arctic p 
monitoring of cancer data of some 100,000 Inuit (in Alaska, Ca 


inderstand determinants of health 


the scientifically richest placeson 


il disease in humankind 


aula, and Greenland) appears 


pared with popu: 


malignancies worldwide should be com: 


paratively rare in the Arctic certainly ought to be investigated. It has already been speculated 


Af 


observation was later explained by the different 


ricans and African-Americans (5). Rather 


being due 


that winter darknessat the extremes of lat 


inude may offer protection 
hormone-dependent cancers ( 
fact th 
‘winter t 


he development of frequent 


lar inhab 


mong circumpo 
ked to the seasonal lack 

the Are 
ies to study light 


fer u 
related disorders and diseases. 
Empirically, the differential geo: 
graphic distribution of health has pro- 
vided clues to disease before: Some 63 


years ago, Kennaway alerted us to the dif 


Jcographic distribution of “extrinsic Factors, 


namely, hepatitis B infections and the influence of aflatoxin on food products, Ina similar vein, 


the possible effects of light (and darkness) on disess 
disorders (SAD), could be studied more ri 
visible electrom: 
phy Although a considerable 
entire medi 
related issues in the Arctic, more can, of course, be done, We sho 
sible Sth IPY to instigate concerted circumpola 


tie radiation that differs from thi 


journal (the /nternational Journal 
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Science, Religion, 
and Climate Change 


AMOMENT OF AGREEMENT HAS ARRIVED FOR 
scientists to join forces with re 


on issues of climate change, This is signaled 


by the summary for policy-makers from the 


Intergovernmental Panel on Climate Change 
(IPCCY's Fourth Assessment Report, the 
AAAS Board's consensus statement on cli- 
mate change, and the unanimity of scientist 
(J). Lynn White Jt. proposed in these p 
1967 


that (2) “we shall continue to have a 


sic] crisis until we reject 


the Christian axiom that nature has no reason 


for existence sive to serve man.” In their 
Policy Forum “Framing science” (6 Apr 
p. 56), M. C. Nisbet and C, Mooney mention 


the more contemponiry and less divisive 


efforts of some evangelical leaders to frame 


‘the problem of climate change asa matter of 


religious morality 
As faculty members at a Catholic univer 


sity, we know the strong stance of Catholic 


documents on good science as the foundation 
for discussions of climate change. Two recent 
examples from the US. Conference of 
Catholic Bishops (USCCB) make IPCC find- 
The IPCC Third 
Assessment Report led to the USCCBS 
Global Cl 4 Plea for Dialog 
nd (3), Which, 


ings their scientific basis 


Change 


Prudence. and the Common Ge 


states: "Global climate change is by its very 


nature part of the planetary commons, The 


¢arth’s atmosphere encompasses all people, 
creatures, and habitats: 

The sciemtific Summary for Policy Makers 
of the Fourth Assessment Report (4) was 
addressed by the chairman of the USCCB’ 


Intemational policy committee. He said ina 
letter to congressional leaders that the IPCC 
has outlined more cle 


ly and compellingly 


n ever before the case for serious and. 


nt action to address the potential conse- 
quences of climate change as well as hi 


lighting the dangers and costs of inaction. 
Addi 
have come from numerous religious traditions, 


nal reflections on climate ch 


carefully to the science. 


re listeni 


Scientists ought to be in dialogue with them. 
STEVEN A. KOLMES* AND RUSSELL A. BUTKUS? 
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Clarifying a Quote on 
Women in Science 
THE ARTICLE "U.S, AGENCIES QUIZ UNIVERSITIES 


on the status of women in science” (News of 
the Week, 30 Mar., p, 1776) contains a quote 
from me that was taken out of context from a 
lengthy conversation and that does not repre~ 
sent my views on the subject 

While the specific issue I referred to in the 
quote (gender bias relating to which students 
‘may use what equipment) is, to my knowledge, 
not a problem in our department or other 
physies departments, the status of women is 
very important to us. We are committed to 
removing barriers 1 achievement and to 
g the diversity of our department. We 
are working hard wo inerease the representation 
of women and underrepresented minorities 


among our students, research associates, and 
faculty and to ensure that there is no diserimina- 
tion nor any other barrier to achievement. We 
support the Title IX process asa way to help 
achieve these important goals, 

ANDREW MILLIS 
frolessr and Chai, Department of Physic, Columbia 
Unversity, New York, NY 10027, USA. E-mail: milis@ 
serve, phys.columbiaed 


Notes on Modeling Light 
Water Reactors 


AS A LONG-TIME EMPLOYEE OF THE IDAHO 
National Laboratory (INL), wish to share my 
views on some of the characterizations made 
in the article “Former Marine seeks a mode! 
EMPRESS" (E. Kintiseh, 9 Feb., p. 794) as 
they relate to modeling light water reactors, 
The assertions that “[e]visting reactor com- 
puter models haven't been overhauled much 
since the heyday of the U.S. nuclear enterprise 
in the 1970s and 1980s” and that “nuclear 
engineers still depend on crude, 25-year-old 
computer programs” do not square with 
the facts, The RELAPS computer code, dev- 
eloped at the INL for the U.S. Nuclear 
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Regulatory Commission and the Department 
of Energy, has been under continuous im- 
provement and refinement since the original 
release in 1978. Today’s version, RELAPS-3D, 
is the current state of the art in modeling light 
Water reactors and is the most widely used 
code of its kind in the world for safety analysis 
of current generation and next generation 
(Generation II) reactor designs. 

RELAPS-3D includes. three-imensional, 
two-phase flow hydrodynamic model coupled 
toa three-<dimensional nodal neutron kinetics 
model. The code hasbeen extensively validated 
against experimental data as documented in 
hundreds of peer-reviewed technical papers, 
The mathematical models in the code are based 
on first principles and literature-based empiri- 
correlations that were defined through tra 
ditional engineering practices and procedures 
‘and are thoroughly documented (www:inl.gov 
relapS/rSmanuals.htm). 
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The Evolution of Eukaryotes 


IN THEIR REVIEW “GENOMICS AND THE IRRE- 
ducible nature of eukaryote cells” (19 May 
2006,p. 1011), C.G. Kurland et af. purport to 
“review recent data from proteomics and 
ne sequences,” but delivered only biased 
opinions. Asserting 
dence to suggest “that eukaryotes area unique 
primordial lineage.” they present an introns- 
rly (and eu ist) View of early evo~ 
lution that was current in 1980 (/) and that 
‘was shown by conventional scientific eriteria 
to be untenable over a decade ago (2). Their 
Fig. | indicates reductive e 
karyotes fron ly 
that idea was called streamlining in 1980, and 
its phylogenetic implications were drawn [Fig. 


2of (/)] ina fashion indistinguishable from its 
2006 reincamation. 

The cellular structures and proteins that 
eukaryotes possess but that are lacking in 
prokaryotes are incorrectly 


asserted to “track 
Y nomes from 
their origins.” Uniquely derived characters 
lacking homologs in other taxa neither pro- 
Vide evidence of evolutionary relationships 
nor of genome trajectory, nor do they discrim- 
inate between alternative hypotheses. Were 
the host that acquired the mitochondrion a 
prokaryote, the origin of eukaryote-specific 
proteins and structures would follow mito- 
chondrial origin (3-3); were the hosta eukary- 
ote (/.6).their or 

The assertion that “most eukaryote pro- 
teins together with most prokaryote proteins 
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diverge from a common ancestor” is unsub- 
stantiated, Even at the level of protein struc- 
ture, only 49 out of 1244 known protein folds 
(4%) are universal among 174 sequenced 
claim that “{djifferent rates, 
‘may account for the weak, 
shifting affinities between the molecular 
machineries encoded by eukaryote, archaeal 
enome sequences.” However, 
they also claim that sequence comparisons 
can falsify particular models for eukaryote 
origins afier all, Hence, they arbitrarily pick 
and choose among available observations 
relating to sequence similarity: The patterns 
of sequence similarity that fit their opinions 
are attributed to genuine evolutionary signals; 
the ones that counter their opinions are dis- 
missed as rate Muctuation, 

The statement that “[e]ukaryote proteins 
that are rooted in the bacterial or in archaeal 
clusters are few and far between” is inaceu- 
rate. The genomes of both yeast (8) and hu- 
mans (fig. S1) (9) harbor many hundreds of 
proteins that have readily identifiable homo- 
logs among e-proteobacteria but not among 
archaebacteria, and vice versa 

They opine that “[iJt isan attractively sim- 
ple idea that a primitive eukaryote took up the 
endoxymbiont mitochondrion by phagocyto- 
sis.” yet all testable predictions of that idea 
have failed (4). By contrast, examples of 
prokaryotes that live within other prokaryotes 
show ‘that prokaryotes can indeed host 
cendosymbionts in the absence of phagocyto- 
sis (10, 11), as predicted by competing alter- 
native theories (4), 

They misattribute the notion that a eukary- 
‘otie“raptor” phagocytosed the mitochondrion 
to Stanier and van Niet's classical paper (/2), 
Which does not mention mitochonadral origin, 
and to de Duve’s 1982 exposé (/3), which 
naue’ for the endosymbiotic origin of micro- 
bodies while mentioning “alleged symbiotic 
adoption” of mitochondria in passing, but 
‘without mentioning phagocytosis, Theit refer- 
ences (25) and (29) are misattributed a 
ples of “fusion” hypotheses: indeed, they 
indiscriminately label views on eukaryote ori 
s that differ from their own as “fusion 
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hypotheses [see (4. 14. 15) for more differen- 
tiated discussion}. 

Finally, and most disturbing, if contem- 
porary eukaryotic cells are truly of “irre- 
ducible nature,” as Kurland ef al,’ title de- 
clares, then no stepwise evolutionary pro- 
cess could have possibly brought about their 
origin, and processes other than evolution 
must be invoked, Is there a hidden message 
in their paper? 


WILLIAM MARTIN,* TAL DAGAN,> 
EUGENE V. KOONIN,? JONATHAN L.DIPIPPO,” 
|. PETER GOGARTEN, JAMES A. LAKE* 
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ville Road, Storrs, CT 06269-3125, USA. ‘Molecular Bio- 
{ogy Institute, Departments of Molecular, Cel, and Develop- 
‘mental Biology, Homan Genetics, and National Aeronautics 
_and Space Adminstration Astrobiology Institute, University 
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Response 

OUR VIEW IS THAT CELLULAR AND MOLECULAR 
biology. especially genomics, reveals signs of 
ient complexity of the eukaryotic cell. 

This new information was not available 10 
older hypotheses for eukaryote origins: they 
\ere answering questions that were incom- 
pletely formulated, 

Our primary conclusions regarding the 
ancestral complesity of the eukaryote cell are 
illustrated in fig, SI (/), which depicts a 
mictosporidian cell and the subcellular location 
of its eukaryote signature proteins (ESPS) (2 
3), Even though Microsporidian genomes are 
‘among the most heavily reduced in eukaryotes, 
they still have many ESPs. An anaerobic endo- 
parasitic life-style has reduced their mitochon- 
dria to mitosomes (4) and allowed the charac 
teristic proteins of phagocytosis to be lost. 
Nevertheless, itis striking that characteristic 
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ESPs are found throughout the cell: nothing in 
this picture suggests they are chimeric descen- 
dents of archaeal and bacteria ancestors. 

We emphasize the role of molecular 
crowding [excluded volume effect (3)]. which 
restricts the diffusion of macromolecules in 
cells. A dynamically efficient lange cell is an 
impossibility, unless it is highly compartmen- 
talized. Yes, that reasoning also applies to the 
smaller prokaryote cells. but the problem 
increases with the cube of cell radius. Mol- 
ecular crowding. like gravity, is ubiquitous. 
We infer that it is a major physicochemical 
reason for the evolution of functionally spe- 
cialized, membrane-bound compartments in 
eukaryote cells. 

Wealso challenge the use of Blast searches 
to infer deep phylogeny. For primary se- 
quences, our Markov models use only a 
small number of parameters and so are both 
tractable mathematically and “identifiabl 
statistically (6). However, they rapidly satu- 
rate from random mutations and lose all infor- 
mation about deep phylogeny (7). Even for 
moderately deep phylogeny, whole genome 
data can give different trees for the deepest 
animal divergences; systematic errors exceed 
sampling error (8). 

Tertiary structure maintains homology 
longer than primary sequences, which makes 
them suitable for Blast searches (9). Never- 
theless, there is no theory to relate this signal 
to deep phylogeny, and it can mislead (/0), 
‘Our general understanding of the relationship 
between protein structure and evolutionary 
rates was established by the early 1970s. 
Kimura's neutral model leads to basie princi- 
ples of molecular evolution (//). And in the 
first issue of Journal of Molecular Evolution 
in 1971, Dickerson (12) relates the rate of 
protein evolution to the numbers of uncon- 
strained amino acid sites (and outlined how 
this can change) and Fitch (/3) expanded 
his covarion model where individual sites, 
‘over evolutionary time. change between con- 
strained and unconstrained states. 

However, there are too many free parame 
ters to infer phylogeny from changes in te 
ary structure, Because three-Jimensional 
(3D) interactions vary, sites where mutations 
are nonlethal can differ between lineages. 
There is thus no limit on the number of para- 
meters required for 3D models: there is no 
“common mechanism” for their evolution 
(4) as there is for primary sequences. The 
problem occurs in both experimental data (/5) 
and simulations (/6). For example, we used 
RNA-shape comparison metrics (/7) to infer 
that the ribozyme MRP arose from RNase P 
in early eukaryotes (eukaryote RNase P was 
more similar in structure to RNase MRP than 
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1 bacterial orarchaeal RNase P). We have had 
to revise that conclusion (/8) because MRP is 
‘now found more widely in eukaryotes, ists 
substrate. Yes, Blastology is brilliant at pick~ 
ing up distant homologies but it is not, by 
itself, a phylogenetic method. 

Icis still premature to decide between 
introns first, early, or late (/9). Nevertheless, 
‘our primary conclusion is that there is good 
progress on understanding the complexity 
of the ancestral eukaryo ll (“Fred”). 
Despite his venerable pedigree, Fred is still 
alive and well. 

C.G. KURLAND,” LESLEY J. COLLINS,* 
DAVID PENNY? 


{Department of Microbial Ecology, Lund Univesity, Lund 
5-221 00, Sweden. ZAllan Wilson Center for Molecular 
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CORRECTIONS AND CLARIFICATIONS 


‘News of the Week: “Selfish genes could help disease-free 
mosquitoes spread” by M. Enserink (30 Mar,, p. 1777), 
Kenneth On is nt faculty member at Noth Cartna 
State University in Raleigh, asthe story said, but at 
Colorado State Unversity in Fart Cols. Richard Beeman 
2 Scents a the Grain Marketing and Production Research 
Center in Mankatan, which spar of he US. Deparment 
of Agcture’sAgicuaral Research Service, as wal as an 
adjunct protessor at Kansas State University. 

News Focus: “Spinning a nucer comeback by D.chales 
(G0 tar p. 1782). GE Energy located in Wimington, 
‘North Carolina, not Wilmington, Delaware, 

Special Section: Stardust: Reports: “Mineralogy and 
petrology of comet B1P/Wild 2 nucleus samples” by M. E. 
Tolensky et al. (15 Dec. 2006, p. 1735). An author was left 
‘outa heather is. Svne Fabra shouldbe sted between 
Stenar Fallon and Denton 5 bel. and Fars afiiation 
should be Advanced light Source, Lanrence Berkeley 
National Laboratory, Celtton Road, Mall Stop 2-400, 
Beceey, CA94720, USA. 
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ECOLOGY 


Sparrow Wars, Reptilian Eucalypts, 


and Xenophobes 


Jessica Gureviteh 


verthe past decade and a half, invasio 
ecology has come to dominate a grea 
deal of both fundamental and applied 


ous impacts of bio 


as the enor 


become more appa 
cent in so many parts of 


the world, Invasions 
have presented seem~ 
ingly insuperable chal 


inges for conserving 


nd restoring: natural 


ecosystems, created 
hundreds of millions, 
of dollars in dama 
and caused the d 


cline and extinction peplored introduction. 


of species. They have (Passer domesticus) 
also presented uinprec- 

edented opportunities for addressing basic 
questions in ecology and evolutionary biol- 
ogy: The reshuffling of biota has facilitated 
the ability of scientists to test what determines 
the limits to species’ ranges. the number of 


species that ean coexist in natural coma 
the extent and rapidity of coevolutionary 


change, standin 
The study of biological invasions has also 
been the focus of heated cc 


cology and in the social se 


troversies i 
How 
ictors such as 


nces, 


important, relative to other 
habitat destruction, are invasions in causing 


species declines and extinctions? Do the 


responses of researchers to biological inva~ 
sions reflect legitimate scientific concerns? 
Or are they merely an expression of under- 
lying xenophobia and thus a question of 
debatable values? 

In American Perceptions of Immigrant 


and Invasive Species, Peter Coates presents a 
lively 


nd nuanced historical perspective on 
these issues. Coates (a historian at the 
University of Bristol) focuses on the cha 


ing interpretations and various voices among 
scientists, naturalists. and government work~ 
ers from the mid-19th century to the present 
in the United States, with occasional diseur- 
sions for perceptions in other countries. The 
book does not fall neatly into one area of 


The reviewer is at the Department of Ecology and 
Evolution, Stony Brook University, Stony Brook, NY 
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contemporary history: rather, it incorporates 
environmental, social, and cultural history 
with history of science and a dash of philos- 


ophy (particularly rhetoric). For example, 
ecologists learn the 
dangers of anthropo- 


morphism from their 
first ventures into the 
discipline as students, 


but Coates enlarges the 


issue by introducing 
its inverse, naturaliza- 
tion, “which refers to 
‘our proclivity for en- 
dowing people with 
the attribut 


s. positive 


The house sparrow and negative, of natu- 


ral entities ( 


nimate 
and inanimate).” Sei- 
centists will find this short history provides a 


reneral context and background for the cur 
mber 


rent issues and debates and offers a m 


of surprising insights. 


«d, for instance, to 


lous “Sparrow Wars; 


mopolitanists” in favor of species 
ductions against 
alarmed at the impact of inv 
sives, Coates quotes William 
Dawson, a nativist, who 
\wrofe in 1903, “Without ques- 
tion the most deplorable 
event in the history of Ameri- 
omithology 


of Immigrant 


Invasive Sp 


by Peter A.C 
introduction 


Sparrow” (now called the 
house sparrow), Coates. 
m 


absurd to those acquainted 
with the passenger pigeon’s fate. Yet Dawson 
insisted that the notonou 
pigeon and the great auk 
fles’ compared to the frightful repercussions 
for various small native birds of the “invasion 
of that wretched foreigner.”” And those who 
assume that sentiments deploring non-native 
plants are new will be enlightened and 
perhaps amused by the views expressed by a 
traveler in Italy in 1915 about non-native 
eucalyptus trees: “this particularly odious 
representative thisreptile of 
owth with which a pack of misguided 


\ctions of the 
mere “tri- 


thiseyesore 
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American Perceptions 
and 


ured the entire Medi- 
terranean basin.... A single eucalyptus will 
ruin the fairest landscape 

‘Such nativist sentiments were dramatically 


enthusiasts have disfig 


countered by others who vigorously champi- 
‘ned the importation and establishment of 
‘non-native plants. It is sobering to read about 
“kudzu enthusiasts” and others who felt that 
native landscapes were depauperate and ugly 
and who worked enthusiastically to transform 


them by importing non-natives (some of 
which went on to become major invasives). 
But the good and the bad, the prescient and the 
vided, are intriguingly tangled. Prom- 
inent and important Figures promoted non- 
native species: equally prominent scientists 
and others defended natural environmentsand 
native species while espousing despicably 
jist and opinions 

Coates does: 
ting the human dimensions of the perceptions 
and controversies regarding alien species (or, 
to use the mx 


onalbly 


vod job in put 


fe neutral term he suggests 
newcomers) into the context of the actual 
ecological invasions occurring at different 
times. It would have added to the book's 
depth had he also attempted to place this 
debate in the historical context of what was 
happening atthe time in the science of ecology 
sting thread 
throughout American Perceptions of lnmigrant 
and Invasive Species is the charge that the 
‘alarm about immigrant organisms stems from 


Perhaps the most. inte 


racist and xenophobic fears of huma 


ates handles this question 
\with nuance and subtlety, and he 
addresses it with evidence rather 
than emotion or political correct- 
ness. Prominent early scientists 
and opponents of the promotion 
of non-native species sometimes, 


Were racist, nationalistic xeno- 


phobes who equated human 
immigrants with undesirable 


imported inseets, plants, 
birds—or the convers 
Coates demonstrates the ¢ 
nections convincingly. The evi- 
dence fora modern connection is, apparently, 
\weak to nonexistent, while there is consid- 


erable evidence to the contrary. Accusations 
that those advocating the promotion of native 
ph 
fascists, racists, 1 
amined and found wanting (and, I would add, 
perpetuate the trivialization of the actions of 
the actual Nazis). To paraphrase Coates and 
Freud, sometimes a plant is just a plant, 
and the concern with its impacts on bio- 
diversity is just that. 


nts, for instance, are purists or, worse, 
ivists, and Nazis are ex- 


10.1126/science.1140898 
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Toward the Ideal of 
a Healthy Land 


Frederick R. Davis, 


iting Homer, Aldo Leopold noted that 
( when Odysseus returned from the 

Trojan wars, he hanged a dozen slave 
girls on a single rope on suspicion of misbe- 
havior. Such a brutal and eallous act raised no 
{questions of propriety as the slaves were con- 
sidered property by the ancient Greeks. 
Similarly, 20th-century Americans felt no 
remorse at degrading what they considered to 
be their property, the land, although slavery 
had tong since been abandoned. Leopold 
devoted most of his adult life to formulating a 
collective land ethic that incorporated 
an understanding of ecology and 
‘evolution. Most of us know Leopold 
through the posthumous collection 
of his writings, A Sand County 
A/manac (1), published in 1949 and 
still in print. As in those essays. 
Leopold's refined prose consistently 
captures the essence of conserva- 


tion ethics, 

Laying aside for the moment 
Leopold's gift for the written word, 
\what were the sources for his ideas? 
We think of Leopold as a pioneer in 
the study and practice of game man- 
agement, an acknowle 
deserves. Yet, no one's thoughts de 
velop in a vacuum, least of all a 
distinguished professor with a 
strong commitment to practical 
applications. 

In Aldo Leopold's Odyssey, Suli- 
anne Lutz Newton has meticulously 
traced the origins, evolution, and 
bbroader dissemination of Leopold's 
ideas regarding conservation. New- 
ton's account opens with Leopold as 
a young assistant forester in the U.S. Forest 
Service, He had just graduated from Yale's 
School of Forestry, while retaining the rigor- 
‘ous classical education of its College. From 
the start, she focuses on Leopold's intellectual 
development rather than the details of his life 
and work—which ean be found in Curt 
Meine’s monumental biography (2). 

To capture the intellectual milieu in which 
Leopold embarked on his career. Newton 


nent he 
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looks to expected sources, such as the writings 
of Gifford Pinchot and William T. Hornaday, 
as well as to classical literature and the 
Bible—in all of which he was well versed. 
Beyond the direct influences, Newton di 
‘cusses Sources of the American ideals of inde- 
pendence and the frontier. This initially struck 
me asa bit excessive, but I gradually realized 


Thus, Newton's re 
Jackson Tumer and his 
ings as “the seed plots of American character 
and Walt Whitman's expansive and inex- 
haustible landscapes serve as counterpoints to 
Leopold’s conservation ethic. The author's 
insights into Leopold id 
are not limited to his pub- 
lished works. Often Leo- 
pold’s manuscripts. drafts, 
and letters reveal stronger 


sentiments than those exhibited in his 
published writings, 

Far from an ivory tower academic, 
Leopold remained connected with his experi- 
ences in wildlife and land management. He 
witnessed the deleterious effects of overpopu- 
lation among white-tailed deer and the impact 
of soil erosion on the farms of the Great 
Plains. In the case of the latter, Leopold 
ied that conservation required “both pro- 
rams of public land acquisition and the coop- 
‘eration of private landowners.” 

Like many biologists and wildlife se 
tists, Leopold was influenced by the progeni- 
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tors of American ecology such as Victor 
Shelford, Frederic Clements, and Alfred 
Emerson as well as the English ecologists 
Arthur Tansley and Charles Elton, In develop- 
ing his biotic or land pyramid Leopold drew 
upon Elion’s 1927 pyramid of numbers (with 
small, abundant herbivorous animals at the 
bottom and a few larger carnivores at the 
apex) and incorporated additional research. 
Building on their shared intellectual interests, 
Leopold and Elton became lifelong friends. 
Leopold extended his biotic concept 
jond the ecologists to include conser- 
jon, As Newton remarks, "No ecologist 
before had presented such a comprehensive 
and comprehensible concept of the land and 
explained its implications for the 
broad range of conservation 
concerns.” At the University of 
Wisconsin, Leopold sought to 
instill basic values in his students 
as stewards of the land. His 
wildlife ecology courses intro- 
duced “a new perspective on land, 
science, and the values of the land 
asa whole?” As a member ofa subcommittee 
‘of the Wildlife Society charged with develop- 
ing qualifications for wildlife practitioners 
(an endeavor in which Elton was one of his 
ardent supporters), he added a measure of 
professional authority to this appreach, 

In the years teading up t0 4 Sand County: 
Almanac, Leopold developed his land health 
concept, synthesizing decades of study, For 
Newton, Leopold's essay “Odyssey” (4) is 
the clearest distillation of these ideas, draw- 
ing together ecological knowledge and 
practical wisdom. Having illuminated the 
richly textured backdrop of Leopold's intel- 
Iectual influences, she presents this essay as 
capturing the essence of his vision for “a 
new kind of conservation,” one that inte- 
grates “enduring prosperity and ecological 
harmony among humans and the entire 
community of life 

Newton's account ends on the eve of 
Leopold's death, which is to say before the 
publication of his most influential work. But 
with its careful analysis of Leopold's various 
sources of inspiration, Aldo Leopold’s 
Odyssey enriches our appreciation of both 
Leopold and 4 Sand County Almanac 


bs 
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Ppoucyrony 


ENVIRONMENT 


Building a “Green” Railway 


in China 


Changhui Peng,'2* Hua Ouyang? Qiong Gao; Yuan Jiang.> Feng Zhang? Jun Li? Qiang Yu? 


he Qinghai-Tibet Railway (QTR) was 
[ built during China's Tenth 5-Year Plan 
(2001-05) and, in China, is considered 
landmark project (/), The QTR, completed 
in October 2005 and in trial operation since 1 
July 2006, is the world’s highest-elevation 
rail hland 
extending over 1956 km from Xining (Qing- 
hai’s capital in northwestern China) to 
Lhasa, the capital city of the 
Tibet Autonomous Region 


(see figure, right), The 
Chinese government has 
invested an unpreceden- 


ted amount of money to 
protect thearea’s ecology. A 
total of 26.2 billion yuan (US. 
$3.39 billion) was budgeted, and 
1.54 billion yuan was allocated to 

and envi- 


ecosystem restoration 
ronmental protection, 


‘An Environment- 
Friendly Railway 
The railway project has raised 
seriouis concernsabout its possible 
environmental consequences be- 
cause the Qinghai-Tibet Plateau, 
covering more than 360,000 km. is 
a unique and fragile high-altitude 
ecosystem (2), The mean annual 
temperature of the plat 


in antelope (Pantholops hod 
‘work of tunnels 


impacts of the construction, the Chinese gov- 
mented several key measures: 
arth was removed 
and construction sites 


(i) Locations where 


were placed wer 
carefully 
Vegetation was then 
removed from the 


selected. 


sites and was restored 
afier the work was com- 


sha 


‘ore rE 


Construction of the Qinghai-Tibet Railway, the 
world’s highest railway, has been achieved with 
ecological protection at the top of the project's 
agenda. 


tion, Recycled waters prevented from directly 
entering natural bodies of water. (vi) Railway 
construction was monitored by a third-party 
environmental inspector (the Qinghai Enviro 
mental Protection Bureau), (vii) The trains 
that will use the railway are fully enclosed to 
provide additional environmental protection, 
In addition, planners established five 
nature reserves along the route [Kekexili 
(Hoh Xil), Qinghai Sanjiangyuan, Chang 
z. Lin-chou Pengbo, and Lalu), and six 
more are planned (5), In these reserves, a 
number of endangered species such as 
pe and black-necked enine 
(Gras nigricollis) live. To protect animals and 
plants, additional brid- 
ges and passages for 
animals will be built 
in sections of the rail- 
way that go through 


the reserves, 

During construc- 
efforts were made 
to reduce noise durin; 
the fieldwork and to 
avoid alarming a 
mals. Moreover, plan= 
ners identified areas 
Where animals tniv- 
led, and built more 
than 33 passageways 
in the Hoh Xi nature 


tio 


The highest railroad in the world. The Qinghai-Tibet railway from Xining to Lhasa (1956 km. 
Distribution af vegetation based on the MODIS product (MODO9AI V4), 21 July 2005. Locations 
of the centers of five established natural reserves: (1) Kekenili (Hoh Xil)(92.3°E, 34.8°N); (2) 
the Chinese government and local Qinghai Sanjiangyuan (96°E, 34°N); (3) Chang Tang (87.2°E, 34.2°N); (4) Lin-chou Black 
officials took great pains to ad-  Necked Crane (91.3°E, 29.9°N); and (5) La-lu wetland (90.8°E, 29.8°N). 


reservein Qinghai and 
the Chang Tang nature 
reserve in Tibet to per- 
mit undisturbed migrt- 


betwoen ~ 4° and 6°C, and the aver- 
age altitude is 4000 m, As a result 


546 


dressenvironmental concerns during 


their preparation for the construction of the 
QTR. The railway planners developed a 
‘een policy” that emphasized protection 
nimals, and water 


of soils, vegetation, 


resources (3-5). 


In total, 550 km of the tracks were laid on 
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pos 


plete (see Figure, page $47). (it) Wher 


ble, the railway path was directed around sen- 


1 zones, and construction work 
smallest possible area sur- 
way, (ii) Planners detoured 


sitive nan 


around wetlands and lakes wherever possible, 
and when this was not possible, they built 
bridges rather than sus 
the impact. (iv) Insulation and temperatur 
reducing facilities for frozen layers were used 
below the tracks to stabilize permafrost along 
the railway line. (¥) The number of stations 
established along the line was minimized to 
reduce the impact of human wastes, and water 


ice routes (o minimize 


treatment facilities were installed at every sta- 


tion, The results of 
these measures were that the construction did 
not significantly affect species such as the 
Tibetan antelope. In 2006, the number of 
pregnant female antelopes was more than 
30,000, the largest number ever recorded in 
this area (6). 

Protection of bodies of water was also pri 
oritized during the fieldwork. Construction of 
way bride across three big rivers 
Tear-Water and Qumar was performed 
by the 12th bureau of China Railway Con- 
struction. Builders used 48 drilling machines 
to establish supports for the bridges in areas 
with permafrost, This approach prev 
imentation of river water when drill 
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establish underwater piers and 
when hauling sand along water- 
courses. In the tunneling work 
through Fenghuo Mountain, work- 
ers resorted to methods such as 
\Wet-spniying of cement and wet- 
drilling to reduce dust emissions. 
In April 2001, the railway con- 
struction unit signed a letter of 
responsibility with the Qinghai 
Environmental Protection Bureau. 
(7). This is the first letter of re- 
sponsibility for environmental pro- 
tection in the history of railway 
construction in China, It covered 
not only the underlying principles 
and main tasks (including protec- 
tion of vegetation, wild animals, 
natural reserves, wetlands, pe 
mafrost, and the water quality 
of the main sources of China's 
five major river systems); but also detailed 
construction standards and regulations: 
the responsibilities of leaders, staff, and work~ 
ers; and reporting, managing, and monitor- 
ing systems. 
In addition, builders promoted the use of 
nonphosphate detergents at base camps and 
prevented discharge of untreated sewage. 
‘Workers used oil-buming boilers to stay warm 
and solar enengy {0 power electrical equip- 
ment, rather than burning local woody vegeta 
tion such as trees. All daily waste generated 
by construction workers was collected and 
treated, and monitoring teams thus found no 
evidence of littering. A recent investigation 
conducted by the State Administration of 
nvironmental Protection on the envionmen- 
al protection Work at the QTR construction, 
sites reported no obvious changes in the water 
Wironment on the Qinghai-Tibet Plateau 
since the project started and stated that the 
area's vegetation and animals had been effec 
tively protected (7). More measures will be 
taken to keep the environment clean, ineluding 
the use of clean energy sources (¢.g., solar 
power, wind power. and other non-fossil fuel 
sources of electric power) for railway stations 
built along the QTR, and passenger trains will 
have proper rubbish disposal facilities on 
board. However, long-term monitoring of the 
focal environment and of wildlife must be ear- 
ried out to provide advance warning of any 
developing problems and to permit timely 
J improvements 


Local Transportation and Ecotourism 
The new railway will greatly reduce trans- 
Portation costs for materials entering and exit- 
2 Tibet. and this will help domestic and for- 
eign enterprises that want to establish a pres- 
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Grass restored. Grassland vegetation and its root soil la 
removed during construction then were replanted once the work 
was complete (12) 


cence in the Tibetan market. In addition, the 
QTR will boost cross-border trade with Nepal 
and India and will turn Tibet into a new eco- 
nomic frontier for southern Asia, 

The QTR will also promote local tourism 
and related economic development. The tour- 
ism resources along the railway are very rich, 
With a wide ninge of landscapes. biology. and 
ethnic cultures. Regional authorities estimate 
that by 2010 the number of tourists will dou- 
ble from the 2006 total 
tourist revenues in the region will ri 
billion yuan (U.S.S750 million) per 
Although tourism creates excellent opportu- 


nities, it also carries the risk of increasing pol- 


lution, habitat destruction, and the introduc- 
tion of exotic species (9). It will need to be 
carefully managed to promote and ensure 
sm ecosystem health and sustainability 
in the regi 


Concerns for the Future 
Recent studies indicate that plateau temper 
tures have risen remarkably since the 1980s 
and that winter temperatures could increase 
byanother 1° t02°C by 2050 (/0). Such warm 
ing could cause permafrost to melt and might 
seriously threaten the stability of the railway's 
foundation. It will be necessary to find ways 
to stabilize the gradually thawing earth. 

The most serious environmental problems 
created by the QTR. including garbage dis- 
posal, water treatment, and ecotourism, will 
‘only become apparent in the long run. These 
problems will not be identified in time unless 
the authorities assign clear responsibility for 
this task. The key to protecting the region’s 
fragile environment from direct and indirect 
human damage will lie in tightly controlling 
the number of ecotourists and the speed o! 
economic development. 
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In addition. mining and animal smu 
ling present a serious problem. There will 
need to be monitoring to ensure that Chi- 
nese local governments enforce environ- 
mental protection laws. Nongovernmental 
organizations (¢.g., Green River) can also 
help to prevent local exploitation of animals 
and to protect biodiversity in the nature 
reserve areas. 

Another concem is that construction of the 
QTR, by increasing movement of people into 
the region, could have 3 serious impact on the 
prevalence of diseases such as AIDS (//) 
Active disease surveillance and the ability to 

mpose quarantine rapidly when warranted will 
be the most effective way to reduce the risk of 
disease spread 

If carefully managed, the Qinghai-Tib 
railway will uimately promote the sustainable 
ecological, social, and economic development 
‘of westem China. We hope that it will be 
remembered as more than just an engineering 
accomplishment-—that it will also be remem- 
bered asan ecological miracte and a successful 
‘example of a green railway that can be followed 
by other regions and developing countries, 
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Benefits of Undergraduate 
Research Experiences 


Susan H. Russell,’* Mary P. Hancock,’ James McCullough? 


nderuraduate students’ partici- 
pation in hands-on research 
widely believed to en- 


courage students to pursue ad 


vanced degrees and careers in 
ence, technology. engineering 
and mathematics fields. SRI Inter- 
national conducted a 
evaluation of undergraduate re 
search opportunities (UROs) to under- 
stand who participates, what effects 
the experience has on them, and 
what factors favor positive out- 
mes. Our study included four 
based surveys, conducted be: 
‘wveen 2003 sand 2003 and involving 
almost 15,000 respondents, The 
survey instruments, detailed data 
tables, and analytical reports are 
available online (1). 

Respondents to the first survey 
were approximately 4500 undergraduates 
and 3600 faculty. graduate student. snd 
postdoe mentors who participated during 
2002 or 2003 in UROs funded by any of 
eight NSF programs with a substantial 
undergraduate research component, Two 
years later, about 3300 individuals who 
Were undergraduates in the initial survey 


ationwide 


Raisin 


responded to the follow-up sur 

In 2003, we surveyed a nationally repre- 
sentative sample of individuals (ages 22 
35) who had received a bachelor’s degree in 


science, 
matics (STEM) (7. 


jechnology. engineering. or mathe- 
3400); in 2004, we con- 
ducted a parallel survey of individuals who 
had received a bachelor’s degree in a social, 
behavioral, or economic science (SBES) 
( = 3200), Of the STEM and SBES survey 
respondents, some (sponsored researchers) 
knew their research to be sponsored by 
NSF, NIH, or NASA. Others (nonsponsored 
researchers) did research that was not (as far 
as they knew) sponsored by NSF. NIH. or 
NASA. A third group (nonresearchers) did 
hot participate in UROs. 

About half of STEM and SBES survey 


Ri International, Menlo Park, CA 94025, USA. ?SRI 
International, Asington, VA22209, USA. To whom corte 
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Decreased 
somewhat 
6% 


Decreased alot 
Ey 


send bt 
7 so 
ange 
24% 4 
Incl ome 
soe 
9 Fntrest. UROs olen increase a stents interest 


in STEM careers. 


respondents had participated in UROs. For 
about | in 15, this research was sponsored 
by NSF, NIH, or NASA. The experiences 
and outcomes reported by sponsored re~ 
searchers in the STEM and SBES surveys 
proved to be similar to those of the NSF- 
participant surveys. 


Profile of Undergraduate Researchers 
The efforts of NSF and other eni 
encourage the representation of groups his- 
torically underrepresented in STEM fields 
appear to have been effective. In all of our 
surveys. undergraduate researchers: we 
demographically diverse, with women, blacks, 
and Hispanics/Latinos represented at rates 
at least equivalent to their rates in the ov 


adluate education at a 
were as likely to particip: 
as those who started at a 4-year college 
or university. However, URO participation 
rates differed across various disciplinary 
fields. In the STEM survey, participation 

ies ranged from 34° 


# in mathematics and 
in chem- 
istry and 74% in environmental sciences. 
In the SBES survey, rates ranged from 3 


10 63% 


iter sciences to 
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Surveys indicate that undergraduate research 
‘opportunities help clarify students’ interest in 
research and encourage students who hadn't 
anticipated graduate studies to alter direction 
toward a Ph.D. 


juniors and seniors, and they tended to have 
high grade point averages, reflect- 

ature of many under- 
graduate re yerams, They also were 
more likely than nonresearchers to expect to 
obtain an advanced degree (2). The STEM 
survey found that those who participated in 
UROs were twice as likely as those who 
did not to have pre-college expectations 
of obiaining a Ph.D. (14% versus 7%) (3), 
Interest in STEM was likely to have begun in 
childhood: $9% of NSF researchers te- 
ported that they had been interested in 
STEM “since I was a kid” and another 29% 
said they became interested when they Were 
in high school, This suggests that an effee- 
tive time to attract studemts to STEM may 
well be while they are in elementary school 
(4), In contrast, interest in SBES was most 
likely to have developed during high school 
or college 


relativel 


Undergraduate Research Outcomes 
We found that UROs increase understand- 
andl awareness (5-8). Most 
s) of the respondents to the NSF follow- 
up survey reported that their understandin, 
of how to conduct a research project in- 
creased a fair amount or a great deal, 83% 
said their confidence in their research skills 
ased, and 73% said their awareness of 
uniduate school is like increased, 
UROs also clarify interests in STEM 
careers (9). OF respondents to the NSF 
follow-up survey. 68% said theirinterest in a 
STEM career increased at least somewhat as 
a result of their URO (see figure above). 
Finally, UROs increase the anticipation 
ofa Ph.D. (/0). OF respondents to the NSF 
follow-up survey, 29% had “new” expect 
tions of obtaining a Ph.D.—that is, they 
reported that before they started college th 
did not expect to obtain a Ph.D... but now (at 
the time of the survey) they did expect 
to obtain one. In the STEM survey, “new 
expectations of obtaining a Ph.D. were 
reported by 19% of sponsored researchers. 
12% of nonsponsored researchers, and only 
» of nonresearchers (see figure, pae $49), 
Students who participated in research 
because they were truly interested and who 
became involved in the culture of research: 


confidence, 


incre: 
wh: 
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attending conferences, mentoring other stu- 
dents, authoring journal papers, and so on- 
were the most likely to experience the 
“positive” outcomes noted above, such as 
increased interest in a STEM career. The 
‘overall duration of research experiences and 
the variety of research activities also were 
related to positive outcomes (/1), For exam- 
ple, in the STEM survey, 30% of researchers 
‘with more than 12 months of research expe- 
rience reported that they expected to obtain 
a Ph.D., compared with only 13% of those 
with | to 3 months of research experience 
and 8% of those with no research expert- 
ence. However, some of the commonly as- 
signed research activities—preparing writ- 
ten final reports, in particular—tended to be 
unrelated 10 positive outcomes. The time of 
year in which the research experience took 
place (summer versus academic year) also 
‘Was largely irrelevant, 

We found little evidence of a relationship 
between mentoring characteristics and post 
tive outcomes in responses to our structured 
(multiple-choice) questions. For example, 
neither involvement in decision-making nor 
perveived adequacy of mentor guidance was 
very strongly related to positive outcomes. 
However, in response to an open-ended ques- 
tion, by far the most common suggestions 
that students made about how to improve 
uundergniduate research programs concemed 
increased or more effective faculty guidance, 
We suspect that the absence of strong re 
tionships on the structured questions reflects 
the complexity of the mentor’s role rather 
than its unimportance. Respondent com- 
‘ments, as well as other research (/2), suggest 
that mentors who are able to combine enthu- 
siasm with interpersonal, organizational. and 
research skills play a large role in facilitating 
positive outcomes. 


Differential Group Needs 
Among racial/ethnic groups, effects of 
UROs tended to be strongest among 
Hispanies/Latinos and weakest among non- 
Hispanic whites, but most racial/ethnic: 
‘group differences that were 
nificant were neverthel 
(ypically less than 10 percentage points). 
Our surveys found almost no differences 
between men and women on any of the study 
variables, supporting observations of gender 
similarities in mathematics and science (13). 
Similarly, in our survey of NSF principal 
3 investigators (Pls) and mentors, only 4% 
2 identified differences in needs between men 
§ and women, and only 2% specified differ- 
‘ences by racial/ethnic group. 
8 Wealso explored whether it 


important 
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NSF researchers 


STEM sponsored researchers 


‘SBES sponsored researchers, 


STEM nonsponsored researchers 


‘SBES nonsponsored researchers 


‘STEM nonresestchers 


SSBES nonresearchers 
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Expected PhO. 
belore college 

Tr Di not expect 
+ Pho. before college 


30 
Percent 


50 Cy) 


Ph.D. expectations. Participation in undergraduate research opportunities affects expectations of 


obtaining a Ph.D, 


for women and minorities to have mentors 
who are similar to themselves (/4). We found 
that women who had some female mentors or 

Il female mentors were no more likely than 
those who had no female mentors to expect 
(o obtain a Ph.D. of to gain new expecta 
tions of obtaining a Ph.D. The findings with 
regard to blacks and Hispanics Latinos simi- 
larly showed no statistically significant differ- 
‘ences. Across many comparisons, all groups: 
men, women, minorities, and nonminorities 
who had both male and female mentors or 
both same- and different-race’ethnicity 
mentors tended to have slightly “better” out- 
comes (é.g., greater gains in confidence) than 
did those who had either only same or only. 
different mentors, However, statistically si 
nificant differences were as common among 
men as among women and more common 
among non-Hispanic whites than among 
minorities. Thus, our findings suggest that 
having a mix of mentors (in terms of their sex 
and race/ethnicity) is likely to have a mildly 
beneficial effect for all students, not just 
‘women and minorities. 


Conclusion 

The lange number and variety of students sur- 
veyed represented a variety of colleges and 
universities. Many types of undergraduate 
research experience fuel interest in STEM 
careers and higher degrees. No formulaic 
combination of activities optimizesthe URO, 
nor should providers structure their pro- 
grams differently for unique racial/ethnic 
‘minorities or women. Rather. it seems that 
the inculeation of enthusiasm is the key 


clement—and the earlier the better. Thus, 
‘greater attention should be given to fostering 
STEM interests of elementary and high 
school students and providing UROs for 
lege freshmen and sophomores 
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GENETICS 


Getting Closer to the Whole Picture 


Uwe Sauer, Matthias Heinemann, Nicola Zamboni 


major challenge of biology is to un- 
Wel the organization and interactions 
of cellular networks that enable com- 


plex processes such as the biochemistry of 
growth of cell division. The underlying com- 
plexity arises from intertwined nonlinear and 
dynamic interactions among large numbers of 
ular constituents, such as genes, proteins, 


and metabolites, As well, interactions amon, 
these components vary in nature (regulatory, 
structural, and catalytic), effect, and strength. 
The reductionist approach has successfully 
identified most of the components and many 
interactions but, unfortunately, offers no con- 
vincing concepts and methods to comprebend 
how system properties emerge. To understand 
how and Why cells funetion the way they do, 
‘comprehensive and quantitative data on com- 
ponent concentrations are required to quantify 
component interactions. On page $93 of this 
issue, Ishii et al, (1) provide unsurpassed com- 
plete and quantitative data of components atthe 
‘Various constituent levels in a bacterial eel 
Rather than a reductionist viewpoint (that 
isa deterministic genetic view), the pluralism 


of causes and effects in biological networks is 
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better addressed by observing, through quan- 
titative measures, multiple components simul- 
at 


taneously, and by rigorous data int 
ion with mathematical models (2). Such a 
Wide perspective (so-called systems 
biology) on component interactions is re- 


quired so that network properties, such as a 
particular functional state or robustness (3), 
ean be quantitatively understood and ration- 
ally manipulated. 

The techn 
biole 


I challe 
ical approach (4) are mainly along 
four lines (see the figure): (i) systemwide 
component identification and quantification 
Comics” data) at the level of mRNA, pro- 
teins, and small molecular weight metabo- 
lites: (ii) experimental identification of phys- 
ical component interactions, primarily for 
networks; (iii) com- 
tional inference of structure. type, and 
tity of component interactions from 


sof th 


systems 


informatio 
P 
q 
data; and (iv) rigorous integration of hetero- 
geneous data, The last step is required to 
achieve a holistic. q ve, and predic- 
‘h mathematical 
models that © eyele be- 
tween prediction and experiments, the hall- 
mark of systems biolog 

The development of experimer 


processin 


tive understandin, 


ial meth- 


Quantification of 
interactions 


A quantitative data set of RNA, proteins, 
and metabolites provides an unprecedented 
starting point to understand, at a systems 
level, the effects of perturbations on a cel 


ods relating to the first challenge has made 
tremendous advances in the past decade, but 
the level of sophistication and the associated 
costs have led to a situation where primarily 
single-component data—thatis, data solely on 
genes, proteins, or metabolites —are available. 
Until the study by Ishii er a,, at best two dif- 
ferent types of component data were reported 
limited 
progression along the iterative cycle between 
experiments and theory 

By joining forces among specialized labs, 
Ishii e7 al, report systemwide data on thr 
main component layers of cells—transcrip- 
). and meta- 
with a particular 
bolism of the 
model bacterium Escherichia coli. Beyond 
mtrations, the functional 
endpoint of gene, protein, and metabolite 
ime the intracellular metabolic 
fluxes —were quantified from "C-labeling 
experiments (5), In a laborious procedure, 
data on steady-state growth were collected 
from 24 mutant strains of £, coli in which a 
different gene that functions in carbon metab- 
olism was removed from each strain. All 
‘mutants Were grown at the sume specific rate 
(6), thus minimizing indirect effects of the 
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‘A systems roadmap. The comprehensive component concentrations reported by Ishii etal. provide input data for inferring component interactions using computa: 
tional methods. The challenge for computational modeling methods yet to be developed is to predict the functional network state from the concentrations and to infer 
the information processing network that controls the functional state. 
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Janzely different mutant physiology that would 
otherwise hamper data interpretation from 
batch cultures, 

The highly reproducible results from these 
genetic perturbation experiments were com- 
plemented with steady-state growth data from 
the wild-type bacterium grown at a range of 
growth rates in the same culture conditions, 
with the extreme cases of near starvation and 
almost unlimited supply of glucose (the limit- 
ing nutrient), An interesting observation is the 
active response of the bacterium’s metabolic 
system to environmentally dictated changes in 
growth rate. There were global alterations in 
the expression level of many mRNAsand pro- 
teins, By contrast, upon genetic perturbation 
Of the metabolic system, surprisingly few 
changes were observed at any component 
level (besides some obvious and inevitable 
local perturbations such as altered educt and 
product concentrations due to a deleted reac- 
tion), These results indicate that metabolic 
networks employ fundamentally different 
sirategies to maintain aetive operation in the 
face of genetic or environmental perturba- 
tions, However, many important questions 
remain unanswered. Why does this particular 
distribution of flux in metabolism emerge 
from the determined component concentra 
tions? What is actively regulated and by which 
mechanisms? Which mechanisms contribute 
to the observed robustness? 

These questions remain open becauise the 
known component interactions have not 
been considered and because the regulatory 
network that controls metabolism is only 
partly known and qualitatively understood at 
best. But Ishii e¢ af, provide, for the firs 
4 quantitative data set that includes both the 
constituting components and the funct 
state of metabolic network. From these data, 
\ve can begin to unravel the conditional and 
‘quantitative relevance of regulatory interac- 
tions and discover new circuits, thereby 
auldressing the question of how a functional 
state arises from the components, The call is 
thus open to integrate this heterogeneous data 
set into a coherent whole from which testable 
hypotheses on general principles and network 
regulation can be derived. Although this par- 
ticular data set will not be sufficient—for 
‘example, it acks time-resolved dynamic data, 
and the conditions studied are limited—its 
unprecedented completeness has the potential 
to become a cornerstone for computational 
systems biolo; 

‘A uniber of computational approaches 
are already available to integrate subsets of the 
Ishii et al, data. Statistical analyses of meta- 
bolic and transcriptional data, for example, 
‘can identify key features thatare important for 
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respiratory oscillations (7). Alternatively. com- 
putational mapping of transcriptome and 
metabolome data onto a graphic model of 
‘component interactions can provide wuidance 
for dissecting control at the level of genetic 
regulation from regulation of protein activity 
(8). In contrast to statistical analyses, a me- 
thod rooted in consiraint-based modeling (4) 
allows combining metabolite concentrations 
with metabolite flux data using thermody- 
namic principles to derive hypotheses about 
active oF new regulatory mechanisms (9). 

The extensive data set reported by Ishii et 
al. now opens the way to use existing com- 
putational approaches and to develop new 
‘ones lo extract new biological insights about 
a fundamental physiological process, From 
this starting point, model-based design of 
targeted experiments for further conditions 
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will reduce the unrealistically tedious and 
expensive collection of large-scale data sets 
hile working toward a truly holistic under- 
lular behavior. We are one 
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NEUROSCIENCE 


How to Fill a Synapse 


Phillip J. Robinson 


Knockout of a member of a family of proteins that support neuronal signal transmission reveals a 
‘number of unexpected pathways at work at distinct times during neuron stimulation, 


he basis of almost all communication 
| between neurons relies on vesicles 
‘ontaining chemical neurotransmit- 
ters, At the junction, or synapse, between two 
neurons, synaptic vesicles laden with neuro- 
transmitter release their contents (exocytosis) 
from terminals of one neuron, The chemicals 
act on the opposing neuron, propagating a 
specifi signal. Replenishing the presynaptic 
neuron with synaptic vesicles is critical to the 
junaling that underlies processes such as 
earning, and failure to control this eycle of 
vesicle formation and deployment can lead to 
conditions such as epilepsy. On page 370 of 
this issue, Fenguson and colleagues (/) show 
that the mechanism producing new synaptic 
vesicles is not as simple as once envisioned, 
but involves a family of proteins that manages 
the supply of vesicles both during and after a 
neuron is stimulated. Their discoveries reveal 
how a synapse maintains is full complement 
of synaptic Vesicles to support all functions of 
the nervous system. 
A protein called dynamin | has generally 
been considered the great ensurer of neuro- 
transmitter-filled synaptic vesicles ina pres 
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naptic nerve terminal, These vesicles are 
poised to fuse with the plasma membrane 
when the neuron is stimulated. Dynamin 1 
acts after fusion and neurotransmitter release 
in a process called endocytosis. After the 
plasma membrane invaginates, dynamin 1 
forms a helix around the neck of the new bud- 
ding vesicle, acting asa spring. As dynamin | 
‘expands and twists, it pinches the membrane 
into a synaptic vesicle that can subsequently 
be filled with newly synthesized neurotrans- 
mitter (see the figure), But Ferguson et al 
show that, unexpectedly, synaptic vesicles 
‘can form in the absence of dynamin 1. By 
genetically engineering mice that lack dy- 
namin 1 (knockout mice), they performed 
experiments that few thought would be fruit- 
ful. The mice appear normal at birth, with 
near-normal numbers of neurons and synaptic 
vesicles. However. the mice barely survive the 
first week after birth, and none survive two, 
The data of Ferguson et al. are full of sur- 
prises. The first is that nerve terminals in the 
synapsesof dynamin | knockout mice contain 
these vesicles at all. This reveals that another 
‘endocytosis mechanism can generate these 
vesicles. The next surprise is the heteroge- 
neous size of the synaptic vesicles that are 
formed in the absence of dynamin 1. Synaptic 
vesicles are considered the smallest cellular 
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vesicle, produced within a narrow 
size range of 40 to 43 nm. Indeed, 
the data of Ferguson er a. indicate 
that dynamin 1 is likely responsi- 
ble for this by generating the high- 
est possible membrane curvature 
through its helical assembly and 
twist (2). The larger synaptic 
vesicles in the dynamin | knock- 
out mice were an average of 47 nm 
and up to two times larger than 
normal. This was matched by an 
increase in quantal size, an index 
of the quantity of transmitter in a 
vesicle, and they could still sup- 
port synaptic transmission, 

The most surprising observa 
tion in these animals is that synap- 
tie vesicle endocytosis was almost 
totally absent during intense stinmu- 
lation of neurons, yet resumed at a 


normal rate after the stimulus was 


terminated. Normally, endocytosis 
continues during and afer neuron 
stimulation, This suguests that the 
dynamin t-independent mecha- 
nism is suppressed by the influx of 
calcium ions that occurs when a 
‘neuron is stimulated, 

The new observations show 
that dynamin 1 is dispensable for 
forming synaptic vesicles. It be- 
comes indispensable when a bur 
den is placed on the neuron by 
moderate or prolonged stimula 
tion, Minimal neuronal activity of 
up to 10 stimuli in 1 s uses only 
about 10 to 20 vesicles. But when 
the frequency or duration exceeds 
this, exocytosis of many more 
synaptic vesicles occurs, Indeed, 
about a minute of stimulation is 
suficient forthe release of all 200 
synaptic vesicles in the average 
nerve terminal 3), Withouta mech- 
anism for fast generation of new 
vesicles, neuronal activity cannot 
be sustained and nerve communi 
cation stops, Ferguson er al. 
gest that very soon after stimula 
tion ceases, dynamin 1 relin- 
uishes its role in synaptic vesicle 
endocytosis to a dynamin |-inde- 
pendent pathway. Dynamin 1 
normally becomes activated dur- 
ing nerve stimulation, when it 
becomes dephosphorylated and is 
inhibited immediately after stimu- 
lation by phosphorylation (4). 
This phosphorylation cycle may 
allow the dynamin t-independent 
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Smrapticyesite, | 


omg? 


i impulse transite 


Synaptic vesicle 
Neurotransmitter 


as 


a 


“S” __ [Dynamin 2 and 3 compensate forthe lack of dynamin 2,) 
777" [pattie ititte endoeytosts during neuron stimulation | 
Synaptic vesicle cycing. (Top and Middle) A normal presynaptic neuron con- 
tains uniform, small synaptic vesicles. Alter electrical stimulation, vesicles 
release neurotransmitter, New vesicles are primarily produced by dynamin 
‘dependent endocytosis. (Bottom) In the absence of dynamin 1, Ferguson et 
«at observe vesicles of heterogeneous sizes, some coated with clathrin, formed 
though dynamin 2 and 3 pathways. 
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‘mechanism to take over endo 
tosis. 

Attention will now turn to the 
wo other dynamin family mem- 
bers, dynamin 2 and 3, as likely 
mediators of the dynamin |-inde- 
pendent mechanism(s). Ferguson 
et al, reveal important presynap- 
tic roles for dynamin 3. The 
expression level of this protein 
does not change in the knockout 
mice. but it is recruited into the 
‘synapses, as if attempting to com- 
pensate forthe lack of dynamin 1. 
In an elegant experiment, synap- 
tic vesicle endocytosis that occurs 
during stimulation was fully res- 
cued when dynamin | ordynamin 
3 was expressed in neurons cul- 
tured from the brains of dynamin 
T knockout mice. Therefore, dy- 
namin 3 may share a dynamin 
F-tike role in generating uni- 
formly small synaptic vesicles, 
These «wo dynamins are also 
phosphorylated on analogous 
amino acids, further indicating 
similar control mechanisms (5), 
However, dynamin 3 expression 
is much lower than that of dyna 
min 1, and it eannot cope with 
the increased demands imposed 
at high neuronal activity in the 
knockout mice, 

Dynamin 2 is ubiquitously 
expressed and in all cell types 
examined it mediates formation 
of vesicles, via endocytosis, that 
are coated with the protein 
clathrin, In presynaptic nerve 
terminals, clathrin is shed, and 
the vesicles become synaptic 
vesicles filled with neurotrans- 
mitter. Ferguson er al, show that 
an average synapse contains less 
than one clathrin-coated vesicle, 
Expression of dynamin 2 does 
not change in the dynamin 1 
knockout mice, nor ean it rescue 
synaptic vesicle endocytosis 
during intense activation of neu- 
rons. Rather, it appears to play a 
role in the slow replenishment of 
synaptic vesicles after stimula- 
tion. Ferguson et af. found a 24= 
fold increase in the abundance 
of clathrin-coated vesicles, with 
‘occasional synapses showing up 
to 30 clathrin-coated profiles. In 
a few synapses lacking dynamin 
1, synaptic activity produced 


Jarge membranous tubules in the presynap- 
tie neuron, from which large numbers of 
clathrin-coated vesicles emerged. They 
appear trapped at the point just before 
dynamin normally acts, Although more 
clathrin is recruited into synapses of these 
neurons, dynamin 2 is not. Therefore, 
dynamin 2 abundance may be the rate-limit- 
ing factor in allowing the synapse to gener 
ate many vesicles after intense stimulation. 
This is in stark contrast to synapses forged 
by the neurons of normal mice, where 
dynamin | can maintain synaptic vesicle 
cycling for hours during sustained neuronal 

If dynamin 2 mediates the bulk of 
slow synaptic vesicle formation, then why is 
this pathway suppressed during stimula- 


activity. 


tion, only to operate again at normal rates 
after stimulation is terminated? There is no 
evidence that dynamin 2 is phosphorylated 
or dephosphorylated in nerve terminals 
(5). The simplest explanation is that a high 
calcium concentration in nerve terminals 
during stimulation suppresses dynamin 2 

(or dynamin 3-) dependent endocytosis. 
while stimulating dynamin 1-depende 
vesicle formation via dephosphorylation, 
In practice, this may divide the work load 
between two mechanisms of synaptic vesi- 
ele endocytosis. 

The main discovery by Ferguson et al. is 
that thereare at least two pathways mediating 
synaptic vesicle endocytosis, working in 
series: ahigh-capacity dynamin | (ordynamin 
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3%) pathway that works primarily during 
intense neuronal activity, and a low-capacity 
pathway, probably mediated by dynamin 2, 
that is suppressed during stimulation but is 
gradually activated when stimulation cea 
Thus, there is more than one way to 
synapse with synaptic vesicles. 
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CHEMISTRY 


A Promising Mimic of 
Hydrogenase Activity 


Thomas B, Rauchfuss 


ydrogenases are en- 
zymes that catalyze the 
reversible oxidation of 


dihydrogen (H,). They have at- 
tracted intense interest because 
of theirextruordinary efficiency 
and their unusual active sites. 
which feature carbon monoxide 
(CO) and cyanide (CN>) as 
cofactors. Furthermore, a de~ 
luiled understanding of the hydro~ 
rf may lead to new kinds of bio~ 
mimetic catalysts for the hydrogenation 
of organic compounds and for hydrogen 
production. 

There are two types of widely distributed 
hydrogenases, which contain dil 
aly in their active 
and iron-only hydrogenases (/). Progress on 
model compounds that capture the main fea- 
tures of iron-only hydrogenases has been 
rapid, but models for the more prevalent 
Fe hydrogenases have proven far more chal- 
lenging to obtain, It has been difficult to 
introduce the most obvious feature of the 
Ni-Fe active si the hydride (H>) li 
and—into biomimetic models oF to obtain 
any sign of eatalytic activity. On paxe 585 of 
this issue. Ogo et al. (2) report the discovery 
of an easy-to-prepare biomimetic catalyst 
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Ni-Fe hydrogenase active site 


‘A chemical compound that mimics the active 
site of nickel-iron hydrogenases is catalytically 
active, Related compounds may serve as 
«catalysts in a hydrogen economy. 


inspired by the Ni-Fe hydro- 
genases. More faithful str 
tural replicas of the Ni-Fe 
active site are known (see the 
Figure, top panel), but they are 
Iytically active, in part 
because they lack the hydride 
ligand (3,4), 

In the quest for biomimetic 
catalysts, scientists seek to 
replicate the coordination 
sphere that surrounds the metal centers, with 
the expectation that function will follow 
form. A straightforward approach to the 
assembly of models for the Ni-Fe active site 
follows from its structure (see the figure, 
bottom panel): Ni is bound to four cysteine 
residues, two of which bridge to the 
Fe(CN)(CO) subunit. 

Thus, it should be possible to generate 
mimics by combining nickel tetrathiolate 
compounds and Fe(CN),(CO) fragments (5, 
6). However, because nickel complexes with 
four thiolate ligands are often labile, chemists 


Biomimetic hydrogenases. (Top) Current structural models for 
the active site of the Ni-Fe hydrogenases. Note the absence of the 
hydride, which is required for activity (Middle) Ogo et at's route 
to their biomimetic catalyst, with Ru(C,(CH,),?* playing the role 
of Fe(CN), (CO). The hydride ligand between the Niand Ru centers 
{s shown to transfer to unsaturated substrates. Nickel and its ig- 
ands are shown in green, iron and its ligands in red, (Bottom) The 
structure of the enzyme activ ste. 
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have turned increasingly to the use of related 
[Ni(S,N,)] complexes containing two amines 
and nwo thiolates (7) as building blocks for 
the assembly of bimetallic compounds. For 
the other half of the system, Ogo ef al. mimic 
the Fe(CN),(CO)H> module with the elee- 
tronically related fragment (C,Me,)RuHl” (8), 
where Me denotes a methyl group. They 
assemble their model compound by simply 
combining aqueous solutions of the Ni(SN, 
and [(CMe,)Ru(H,¢ 0), P* buildin; blocks. 
Relative to other RuNi models (9, 10), the 
species reported by Oxo et al. is unique in 
that it undergoes the crucial reaction with H 
to give the corresponding hydride (see the 
figure, middle panel). This conversion to the 
hydride entails scission of H, into H- and H"; 
as a result, the pH of the solution drops 
Spectroscopic and crystallographic data 
show that the hydride ligand bridges the Ru 
‘and Ni centers, as expected. The results sug- 
gest that the RuNiH core could be described 


as Ru-H-~Ni, which indicates that the Ni(Il) 
serves asa Lewis acid to stabilize the other- 
wise highly basic hydride. Such insights 
‘would be unattainable through studies on the 
enzyme itself, because protein crystallogra- 
phy cannot detect hydride ligands. 

The greatest surprise from the results of 
(Qgo et al. is that their compound is eatalyti- 
cally active: It catalyzes the hydrogenation 
of benzaldehyde to the corresponding alco- 
hol. Itis also intriguing that the catalyst fe: 
tures a sulfur-rich core, Sulfur compounds 
poison most industrial catalysts, but nature 
relies heavily on sulfur-rich environments 
for catalytic transformations involving CO 
and H,, There is much interest in the devel- 
‘opment of sulfur-tolerant industrial catalysts 
for related transformations. 

Given the progress reported by Ogo et 
al., what is left to model? The answer is 
clear: a related complex, with Ru replaced 
by Fe, because nature always uses iron when 


‘working with hydrogen. The results reported 
by Ogo eral. show that such a feat should be 
achievable and that such advanced models 
can deliver new kinds of eatalysts. 
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PHYSICS 


Factoring Numbers with Waves 


M. Suhail Zubairy 


Ithough it may seem a mundane 
Aft in number theory, the abit- 
ty to factor a number into its primes. 
lies at the heart of modern e-commerce. 
Anyone with a pocket ealeulator knows itis 
trivial to multiply two prime numbers toge 
ther, but carrying out the reverse—finding 
the unknown prime factors given a large 
number—is extremely difficult, This i 
culty is what enables some of the encryption 
systems used on the Internet, in whieh a 
secret key is exchanged between the sender 
and the receiver on a public channel. Any 
method for efficient factoring, therefore, 
attracts immediate attention, For example, 
the entire field of quantum computing (1), 
which had its beginnings in the early 1980s, 
did not receive much attention until Shor (2) 
demonstrated in 1994 how a quantum com 
puter could potentially factorize a 1000- 
digit number relatively rapidly, whereas the 
same problem would take today’s fastest 
computer several billion years. This theoret- 
ical development has caused the field of 
quantum computing to take off. 
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Finding prime factors of a number by means of 
‘wave interference may have applications in 
quantum computing and security systems, 


tween the waves have a 


Peak factors. A plot ofthe absolute value of the truncated Gaussian sum A 
10. The sum is maximum 
{or values of! that are the prime factors of (13, 17, 23, and 32). This fac- 
torization method has been implemented with NMR techniques (3, 4). 


for N = 157,573 and truncation parameter Mt 


[Adapted from (3).) 


An interesting but very different approach 
to factorization based on wave interference is 
reported in two recent papers (3, 4). When 
two waves are combined, they can create 
destructive or constructive interferenc 
depending on their relative phase (that 
phase” the waves add up. “out of phase” 
cancel out). When the number of waves 
becomes large and the relative phases be- 


wide range of values, the 
result is a combination of 
destructive and construc 
tive interferences. The amp- 
litude of the combined 
wave is substantially lower 
than when all the waves 
interfere constructively. But 
constructive interference 
‘causes a peak in the ampli 

tude when all the relative 


property of waves to factor 
numbers. They consider a 
‘quantity called the truncated 
‘Gaussian sum, which corre- 
sponds to the amplitude of a 
collection of M waves, where 
the phase of each wavedependsonthe number N 
that isto be factorized and another integer /. The 
total phase is chosen such that they are all equal 
toan integer multiple of 2x only if/ happens to 
be a factor of NV. Thus, the sum is maximized 
by constructive interference when / isa fictor 
of N.A scan of the truncated Gaussian sum for 
different values of / will then yield the factors 
Of N (see the figure), 
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How can this truncated Gaussian sum 
factoring method be implemented experi- 
mentally? Mehring e¢ a/. (3) and Mahesh er 
al, (4) do this with the techniques of nuclear 
magnetic resonance (NMR). They excite an 
ensemble of spins (specifically, protons in a 
molecular liquid) by a sequence of radio- 
frequency pulses, The spins rotate in small 
steps just as a mechanical pendulum would 
move under the action of periodic kicks. The 
number of pulses corresponds to the trunca- 
tion parameter Mand the phase of the radio- 
frequency wave depends on Nand/ in such a 
way that, at the end of the pulse sequence, 
the collection of exeited spins corresponds 
to a truncated Gaussian sum. The resulting 
signal emitted from the spins contains infor- 
mation about the various radio-frequency 
pulses used in the excitation, The maximum 
signal is obtained when / is a factor of N. 
Using this method, Mehring er af, factored 
the number 157,573 (3) and Mahesh et al 
factored $2,882,363 (4. 

This is essentially a classical scheme that 
employs the principle of superposition 
obeyed by the classical waves. Hence, it 
scales exponentially (that is, as the size of 
the problem increases, the time needed to 
solve it goes up exponentially). The quan- 
tum computing algorithms, however, 
rooted in quantum entanglement, a notion 
peculiar to the nature of quantum mech- 
nies, In-an entangled system of several 
objects, the objects are highly correlated so 


that it is impossible to consider the objects, 
independently. Their properties are inter- 
twined. For example, in an entangled pair of 
atoms, we may not know the precise state of 
the individual atom before making the mea- 
surement. However, ifthe first atom is found 
in the ground state, then the other Is neces- 
sarily in an excited state and vice versa. 
These nonclassical entangled states allow 
us, in principle, to do simultaneous manipu- 
lations on different states of the total system, 
a luxury not afforded in the classical world. 
This is the root cause of the speedup of 
quantum computers. 

This inherent parallelism represents the 
good news, The bad news, howev 
is very difficult to generate such entangled 
states, especially when many particles are 
involved. More important, entangled objects 
are among the most fragile objects in nature. 
Any interaction with the environment tends 
to destroy the high degree of correlation 
between the objects. So far. only the number 
13 has been factored using Shor's algorithm 
(5), and an extension to larger numbers 
remains elusive, 

A challenge is how to reduce the compu- 
tational complexity of the scheme discussed 
bby Mehring era. (3) by using the parallelism 
offered by quantum entanglement. Can we 
prepare the system in such a way that the 
spins are in an entangled state and then 
manipulate differemt values of / simultane- 
‘ously? This is indeed an exciting, but chal- 
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lenging, possibility, The ideas presented 
may, however, offer new possibilities in other 
directions, sich as an efficient scheme to 
find the periodicity of a function, the key to 
finding prime factors in Shor’s algorithm 
(2). Another interesting problem relates to 
searching for a marked object ina data base 
containing N objects, Classically, this is done 
on average with N/2 searches. However, 


do beter than that andl at least in some 5 
cial eases, recover the desired object in one 
‘or few steps. The work of research groups, 
including that of Mehring et a/, and Mahesh 
etal, may lead the w. 
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PHYSICS 


The End of an Entanglement 


J.H. Eberly and Ting Yu 


catch-all term that usually implies 

degradation of the purity of a quantum 
state, Over the past few decades it has been 
used as a guide to understand the loss of the 
two-body coherence called entanglement, 
which is an intrinsically quantum effect. In 
this context, it is relevant to fundamental 
questions such as: Why is the world mostly 
classical when we believe quantum theory 
provides all of the governing principles (/. 
2)? The answer lies in the critical role of 
imply put. larger bodies lose 
coherence more quickly. This is the essential 


I quantum physics, decoherence is a 
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ingredient in producing nearly instanta- 
neous decay of entanglement between two 
lange bodies or between a large body and a 
small one, The role of largeness is seen 
when decoherence occurs. increasingly 
faster with the size of the environment. 
{[Sce, for example, (3) for an instance of 
the effect.] Preservation of coherence is 
important in maintaining steady behavior of 
quantum systems whose coordinated action 
iseritical, for example, among the working 
units of quantum computers when they 
become available. 

A small body (spin, photon, atom, exei- 
ton, quantum dot. Cooper pair. ete.) on the 
other hand, can continue to behave as a 
quantum mechanical unit, even if not macro- 
scopically entangled. A topic that remains 
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Observations of the early disappearance of 
‘quantum coherence between two systems may 
have implications for information processing. 


open in almost all decoherence discussioy 
however, is the preservation or destruction 
of two-body quantum coherence when both 
bodies are small, For example, it has been 
predicted only recently that the one-body 
and two-body responses to a notsy environ- 
‘ment can follow surprisingly different path- 
ways to complete decoherence (4, 5). 
Experimental entry into this new domain is 
needed, and impressive results are now 
reported on page 579 of this issue by 
Almeida etal. (6). They have devised an ele- 
zgantly clean way to check and to confirm the 
existen so-called “entanglement sud- 
den death” (ESD) (7). two-body disentan- 
glement that is novel among known relax- 
ation effects because it has no lifetime in any 
usual sense—that is, entanglement termi- 
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nates completely aftera finite interval, with- 
‘out a smoothly diminishing long-time tail. 

The lack of a smooth and lengthy degra- 
dation has to be regarded as unexpected and 
potentially troubling. Error correction tech- 
nology applied to entangled quantum infor- 
mation networks (8, 9) allows even the 
smallest amount of degraded entanglement 
to be restored to full usefulness, However, 
error correction comes up short in the face 
of exactly zero entanglement, ic., sudden 
death. As a practical matter, familiar local 
(one-body) lifetimes have been commonly 
used (0 estimate all accompanying nonlocal 
(multibody entanglement) 
lifetimes. Until recently 
there has been no reason to 
think, and certainly no evi- 
dence, that these lifetimes 
‘would be substantially dif 
ferent. The experiment of 
Almeida et al, puts the first 
evidence on the table, 

Since the discovery of 
ESD (4, 5), a large number 
of instances of this surpris~ 
ing effect have been identi- 
fied in the theoretical litera 
ture [see (10-17) and refer- 
ences in (6)]. All of these 
share the property that 
while local (one-body) co- 
herence decays smoothly to 
zero, requiring an infinite 
time to do so, nonlocal (two 
bly) entanglement vanishes 
after a finite time (see the 
figure for a schematic rep- 
resentation). 

Although two-body entanglement is cen- 
tral to preservation of pairwise quantum cor- 
relations, there is an interesting unsolved 
problem in quantum mechanics related to it. 
‘Simply said, a computable quantity that uni- 
versally measures entanglement of more 
than two bodies in partially relaxed (impure) 
states has yet to be identified by anybody. 
Along with Almeida ef al., we have used for 
ESD studies the two-body measure discov- 
ered by Wootters (/8) and called concur- 
rence (labeled © on the vertical axis of the 
right panel of the figure). [tagrees about the 
boundary for zero entanglement with all 
other two-body measures and is more con- 
venient than most. 

It is often implied and sometimes said 
explicitly, in textbooks as well as in physics 
colloquia, that our evidence for the quantum 
character of natural phenomena comes from 
the existence of wave-particle duality in the 
microworld. But this is misleading at best. 
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Wave mechanics is just optics for particles, 
and it contains effects no more exotic than 
are found in physical optics (rays, diffrac- 
tion, tunneling. etc.). In striking contrast, 
quantum mechanics exhibits features that 
have no classical wave counterpart at all. 
Duality is no help in understanding the 
entangled nature of Schrodinger’s Cat, 
which “exists” in a strange entangled state, 
equally likely dead and alive (9-21), 
Toinvestigate quantitatively the time devel- 
‘opment of a property such as the degree of 
entanglement of wo or more quantum systems 
{sto enter what isprobably the langest nonclas- 


sical sector of the world we five in, and the 
report by Almeida er al. bringsnew evidence to 
bear on these questions. They have used a pho- 
tonic Cat: a pair of qubits (quantum bits in the 
form of photon polarizations) whose degree of 
‘mutual entanglement they can study in the 
clear absence of mutual interaction. Each of 
these photonic qubits interacts only with its 
own individual environment, and this produces 
smooth dephasing of each individual photon's 
polarization angles. But this provides very 
misleading guidance to a quantitative under- 
standing of the photons Cat-like properties. 
‘One-body information about the photons is 
useless to expltin the sudden death of their 
entanglement. 

Different types of environmental noise 
can have different effects on two-body 
entanglement (22),and Almeida er al. have 
studied both phase- and amplitude-damping 
environments. They also mention that entan- 
glement has a further unusual relaxation 


property in addition to sudden death. It can 
happen that different entangled states with 
the same initial degrees of entanglement 
may evolve to completely different final 
States, and examples of this are available (4) 
showing many pairs of mixed states with 
‘identical initial degrees of entanglements 
but with evolution pathways to very differ- 
ent final results, In addition, it is known that 
some two-qubit states are more robust 
against disentanglement than others (23) 
and that evolution to sudden death ean be 
avoided in some cases by purely local (one- 
body) initializations (22), 


Parting ways. (Left) Sketch of entanglement sudden death, with spheres representing snapshots of the individual qublts mov- 
‘ng together in time. The sphere radius indicates the coherence ofa single qubit. As the qubits interact with thelr environment, 
the spheres naturally shrink smoothly, and in an infinite time each wil shrink tothe single point that represents its final state, 
However, entanglement can cease much earlier, as represented here by the time at which the two spheres cease overlapping. 
(Right) Entanglement sudden death isnot limited to the initia states reported by Almeida et ol, (6).An independent example (4) 
4s shown here, where concurrence cis plotted vertically against the probability of decay p (which goes to 1a time goes to infin- 
ity) and a, a parameter that selects different inti states. The plot shows an entire family of mixed states, al relaxing under the 
influence of environmental amplitude noise. in this example, different values ofa can correspond to the same intial entangle- 
‘ent cbut lead to very different final conditions, some showing entanglement sudden death and some not (black lines), 


‘Small-system entanglement dynamics is a 
domain with many borders. It touches on a 
‘wide spectrum of current research activities in 
coherence control, dynamic error correction, 
‘and experimental excursions in the vicinity of 
the quantum-classical interface, to name a few, 
‘The state of the theoretical frontier for entan- 
sglement dynamics is summarized in a review 
by Mintert eral. (24), The report by Almeida et 
al, is not the final word in studies in this 
domain, and given the central role of small- 
system entanglement inany quantum informa- 
tion network, itis likely that other experimen- 
tal investigations will follow their work, 
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EVOLUTION 


Oxygen and Evolution 


Robert A. Berner, John M. VandenBrooks, Peter D. Ward 


he rise of atmospheric oxygen (O,) 
| concentration during the Precambrian 
«eon (~4500 10 ~350 million years ago) 
\vas closely tied t0 biological evolution 
Additional changes in atmospheric O, con- 
centrations over the past ~550 million years 
(the Phanerozoic eon) have probably also 
been intertwined with biological evolution, 
Here we examine the evidence for changes in 
O, concentrations and their biological causes 
and effects during the Phanerozoic. 

Evidence for variations in atmospheric O5 
concentrations over Phanerozoic time comes 
mainly from the geochemical cycles of 
bon and sulfur. The weathering of organic 
‘carbon and pyrite sulfur resultsin O, consumpt- 
ion, and their burial in sediments results in O, 
proxluction (1); organic burial represents 
‘excess of global photosynthesis over global 
respiration, Existing combined earbon= 
sulfur-oxygen models all show distinet varia~ 
tion of O, over time, with a maximum een- 
tered around 300 million years ago, but with 
differences between models for the past 200 
million years (/). They are based on either the 
abundance of reduced carbon and sulfur in 
sediments, the 8C/7C and ¥S°S values for 
the oceans, or the interaction of the earbon 
and sulfur eycles with eycles of other ele 
ments such as phosphorus. 

The model shown in the figure isthe most 
detailed for the entire Phanerozoic and lends 
itself readily to the discussion of evolution- 
ary phenomena, Note the large rise in O, 
prior to 300 million years ago. The primary 
cause of this rise is believed to be the evolu- 
tion of large vascular land plants (/). The 
plants caused increased burial of organic 
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matter (and hence increased O, production) 
because of the introduction of a new bio- 
degradation-resistant substance, lignin. The 
excessive burial of lignin and other plant 
debris in swamps during the late Paleozoic 
(360 10 260 million years ago) led to the for- 
mation of vast coal deposits and to increased 
wildfires, as evidenced by abundant fossil 
charcoal (2). The drop in O, concentration 
across the Permian-Triassic boundary (~260 
to 245 million years ago), and the relative 
lack of coal deposition during the last $ mil- 
lion years of this time span, are believed to 
have been due mainly to a substantial reduc- 
tion in the geographic extent of lowland 
forests and swamps. This resulted ina drop in 


Changes in atmospheric oxygen concentration 
‘may be linked to key evolutionary events 
during the past 550 million years. 


global onganic matter burial and in O, input 
to the atmosphere (3), 

How has the variation in atmospheric O, 
concentration through the Phanerozoic af= 
fected the evolution and development o 
‘on Earth? In 1970, McAlester (4) noted that 
to understand these effects, it is necessary to 
first run “long-term experiments on the 
effects of abnormally high or low O, partial 
Pressures on the living representatives of the 
many groups which exist toda 

Unfirtunately, few scientists have heeded 
this eall, and the effects of the modeled O, 
concentrations (~13 to 31%) on moder 
physiology and development are still poorly 
understood, especially in the hyperoxic 


« 
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‘A possible ink. The atmospheric 0, curves taken from (23). The upper and lower boundaries are estimates 
‘of error in modeling atmospheric O, concentration. The numbered intervals denote important evolutionary 
‘events that may be linked to changes in 0, concentration (see text) 
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(©21% O,, the current atmospheric O, con- 
centration). Furthermore, most studies have 
focused on the effect of O, on insect develop- 
‘ment, and even those limited studies exam- 
ined O, levels outside the range of geologic 
yariotion (5). However, the existing studies 
point toa substantial effect of this range of O, 
Variation on development and evolution, 

Many studies have used Drosophila 
melanogaster to study these effects. For 
example, it has been shown that hyperoxia 
ccausesan increase in body size in D. melano- 
gaster through multiple generations (6), 
‘whereas hypoxia decreases body size (7): O, 
concentration is negatively correlated with 
tracheal diameter in inseets of the same 
body size (4), and hypoxia causes a de- 
crease in cell size (9). 

Fewer studies have investigated the effects 
of , concentrations on vertebrates, For ex- 
ample, hyperoxia (35% O,) induces regres- 
sion of the external gills in tree frogs (Agaly- 
chnts callidrvas) and. causes early hatching 
‘when the frogs are subsequently exposed to 
air levels of 0, (21%) (10). When juvenile 
trout (Oncorhynchus mykiss) are exposed 
to hyperoxia (38% O,), their body weight 
increases compared to those at 21% O, (1). 

One of us has studied the embryonic de~ 
velopment of Alligator mississippienis under 
seven different O, concentrations between 
wl 35% (spanning the entire Phanerozoic 
O, range) (12). The results show a positive 
effect of O, on body size, developmental rate, 
and bone composition, with a developmental 
optimum at ~27% O,, beyond which the 
negative effects of increased O, concentra 
tion begin to play a larger role and cause 
increased mortality. 

Four major events in the history of 
illustrate the effects of rising, or high, con- 
centrations of O, on evolution. First, the ori 
kin ofthe first animal body plans (see the fig 
lute, interval 1) coincided with a rapid rise in 
atmospheric O, concentration (/3). 

Second, the conquest of land by animals 
‘occurred during two independent phases of 
high O, concentration (/4). The earliest, 
~410 million years ago (interval 4). 
involved mainly arthropods; the other, 
which followed the Devonian mass extine- 
tion and a period of stasis (Romer’s Gap, 
interval 6). involved both arthropods and 
vertebrates (interval 7). 

Third, with increasing O, concentra- 
tions through the Carboniferous and Per- 
‘mian (interval 8), gigantism developed in 
several arthropod groups, and body size 
increased across primitive reptile-like ani- 
mals and their descendants (/2, 13. 16). 
The gigantism has classically been attrib- 
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uted to an increase in diffusive capa 


caused by an increase in atmospheric O, 
concentration. This may explain the effect 


seen in egg-laying vertebrates, because dif- 
fusion across the eggshell will be increased 
and have an effect on hatchling and there- 
fore adult body size. Alternatively. in some 
insects, body size is limited by the amount 
of their body that can be allocated to tra- 
chea. Because tracheal diameters decrease 
with increased O, concentration, a higher 
maximal body size can be achieved in 
times of higher O, concentration (17). 

Lastly, the increase in mammalian body 
size in the Tertiary has been linked to rising 
(©, concentrations (18) interval 12), although 
the direct mechanism remains unclear, and 
ommunity diversification occurred during 
the Ordovician rise in O, (interval 3). 

Dropping O, or relatively low O, concen- 
tations also had evolutionary consequences, 
Several extinctions appear to coincide with 
dropping O, concentrations superimposed on 
global warming from increased greenhouse 
gas concentrations (/9, 20), Three of the 
major extinetions—in the Late Devonian 
(interval 3), Permian-Triassic (interval 9), 
and Triassic-Jurassic (interval 11 }—were 
also followed by an extended period of low 
atmospheric O, concentration. The afiermath 
of a major extinction is often a time of rapid 
evolution, potentially producing novel body 
plans. Many of these new body plans may 
have supported more efficient respiratory 
systems, which may have been selected for 
der low-O, regimes that coincide with 
postextinction time periods. 

For example, late Cambnan/Ordovician: 
lineages of fish and cephalopods evolved 
anatomical structures that took advantage of 
their swimming ability to force larger 
volumes of water across their gill surfaces, 
which in turn allowed for increased O, uptake 
(interval 2). Adaptations for more efficient 
respiration also occurred among terrestrial 
organisms. During the latter part of the 
Triassic (interval 10). a time of low modeled 
, concentrations, the evolution of the 
dinosaur body plan involved a novel air-sac 
system (2/), which was inherited in modified 
form by their descendants, the birds. Air-sacs 
allow highly efficient respiration even at high 
altitude (22). They may similarly have 
conferred a respiratory advantage to early 
dinosaursas compared o other contemporary 
terrestrial animals, 

In the past, respiratory structures were 
viewed as add-ons to body plans evolved 
largely to allow movement. Yet, the evidence 
discussed above suggests that the basic 
designs of many animals seems to maximize 


respiratory efficiency. with locomotion or 
protection (as with a mollusk or arthropod 
shell) as a secondary benefit. 

To further this research, a better under- 
standing of the effect of varying O, cones 
tration on the physiology of present-day ani- 
mals is needed. Multigenerational studies on 
a wide range of animals (both vertebrates 
and invertebrates) are necessary to accu- 
rately infer responses of fossil taxa to O, 
variation, to test evolutionary impacts of 
varying O, concentrations, and to understand 
the long-term effects of living under hyper- 
oxic and hypoxic conditions. The results 
could be used to develop proxies for past O, 
concentrations, thereby improving O, mod= 
ling (which also needs constant updating 
based on better isotopic measurements). 
Once better modeling and more modern 
physiological studies have been carried out, 
‘we can begin to move from simple correla~ 
tion to causation and truly test the hypotheses 
presented in the 
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EDUCATION 


Ambitious Joint Project Will Provide 
Science Support to School Boards 


SAN FRANCISCO 
While school offici 


Researchers eall it an 
s and 


‘urgency gap 
business I 


ders see a critical need for 


improved science, mathematies, and technol 


‘ogy education, students and their parents are 
complacent. 

Helping toclosethat 
gap will be one of the 
central goals in a hi 
toric new colla 


National School Boards 


Association (NSBA), 
which have launched 
13-year project under- 
written by the Ewin 
Marion Kauffman 
Foundation to give local 
school boards advies 

pro- 
moting seieneesrelated 
education in commun 
u 


across the United 


By February 2008, NSBA and AAAS 
‘expect to produce a set of resources on science, 
mathematics, and technology education. 
including a CD-ROM that can be tailored for 
different districts with different 


reds and a 


xd Web site focused on sei 
news, Both will be based on exten 
Hogue with school board members. 

The program debuted 14 April before 
some 200 local school board members who 
attended a symposium at the NSBA annual 
conference in San Francisco. The bi 
prise to emerge from the 3-hour event? While 
Kansas City school board members inter- 
viewed for the project worry about the evolu- 
tion issue emerging in their districts, most 
say that the need to improve science, mathe- 
matics, and technology edu 
pressing day-to-day and lon 
Alison Kadlec, senior public et 


research associate at the civic researeh firm 
Public Agenda, 

“What kind of jobs are out there, and what 
kinds of skills do kids need to be successful in 
those careers? That's what I want to know more 
ind think more about, as I do my job." one 
nbers told Public Agenda. 


Divyesh N. Patel, a member of the Rio Rancho (NM)! 
Board of Education, was among some 200 local 
school board members who discussed the chal 
lenges of improving science-related education. 


Board members at the San Francisco cor 
ference echoed that sentiment, and they wel 
comed the AAAS/NSBA project as a way to 
obtai nd training that will help the 
meet unprecedented challenges in preparin 
students for the 21 st- 
century economy 

The projecteercates a 
powerful partnership. 
between NSBA, which 
represents 95,000 loc 


expertise 


school board members 
in nearly 15,000 loc: 


school districts servin 
more than 47 million 
public school students, 
and AAAS, the world's 
largest general scien- 
ie x and a 
bal Kcader in science 
Other part 


Resources division; Project 2061, AAAS'S sci- 
ence fi nd the International 
Technology Education Association. 

“Our partnership with the NSBA is very 
exciting.” said Connie Bert 
the project for AAAS as director of th 
ation’s Program of Dial n Sei 
Ethics, and Religion (DOSER). "The scientific 
community will now have an opportunity to 
discover firsthand what the needsand concerns 
‘of school board members are around science, 
math, and technology education, We can work 
collaboratively with school board les 


acy initiative: 


jership to, 
respond to those needs: 

“We have been working for the past 
10 years to help schoo! board members to rec 
‘ognize that student achievement is the top pri- 
ority for school boards —that’s what they 
added Joseph S. Villani, 
NSBA’s deputy executive director. “Content 
expertise with science, math, and technol 
that we don’t have a lot of experi- 
nee with, and that’s the value of worl 
with AAAS: 

AAAS initially had considered ¢ 
with school boards about the 
evolution in schools. But in discussions with 
NSBA and other experts the need 


should focus on, 


teaching 
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tive, said Peyton West, a senior 
associate with DoSER. The project is 
funded by a new $739,000 grant from the 
Kansas City- based Kauffman Foundation, 
which works to advance entrepreneurship and 
improve the education of children and youth, 
The Foundation “recognizes the eritical role 
that local school! boards play in improvin, 
‘ematics, science, and technology educ 
through the decisions they n 
ing, curriculum, and facilities, 
Cheek, its vice president for education, " 
grant will provide local sche 
equality, up 
that ean inform thei 
cantly improve programs, 
K-12 education,” 
Erin Adams, a 10 
board in Minnetonka, Minnesota, 
project could eng 
The ultimate value of 


said Dennis 
his 
1 boards with 
ate tools and information 
local decisions to signiti- 


at all levels of pre= 


ear veteran of the school 
vid that the 
project like this 
rd members. 
‘often not experts in these fields, and don’t have 
fon that the students then 


would be to give bo who are 


the level of educ 


«1 resource pool and training so 
that we can advocate these goals for our com: 
munities,” Adams said. “IP we have a more con: 
led policy, a definition of 
ly and seien- 
lury, We cuth 


Help Carry AAAS to 
the Grassroots 


This September, before winter settles in, hun- 
dreds of scientists from Alaska, Canada, and 
‘other polar regions will travel to Anchorage for 
the S8th AAAS Arctic Science Co et 
won't be as big as the AAAS Annu ne. 
but the conference and the scientists who will 
attend it play a vital role in expand 
<iation’s knowledge and extending its impacton 
polar science and policy issues. 

AAAS’ three other regional divisions the 
Pacific, Caribbean, and the Southwestern and 
Rocky Mountain divisions 
focused on environm 
ng scientists and helping inform lo 
policy-makers and the public not only about cli- 
mate and sus y 
issues that are priorities for AAAS and the world 
scientific community 


also are closely 


tal issues. They are 
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“For decades, our regional divisions have 
‘been doing important work for AAAS, with a 
‘grat deal of enenay but usually without alot of 
fanfare,” said AAAS CEO Alan 1. Lest 

“They provide a forum for scientists in their 
regions, They engage with teachers, students, 
and the public, including many minorities and 
indigenous people. They help to carry the 
themes we set cach year at the ANAS Annual 
Meeting to the grassroots, and that's very help- 
ful to the scientific enterprise.” 

At Pacific Division's 88th Annual Mect- 
ing from 17 10 21 June, the theme will be 
*Science for a Green Future,” said Executive 
Director Roger G. Christianson, professor of 
biology at Southern Oregon Universi 
Among the featured programs will be sym- 
posia on “green cities.” wilderness prot 
tion, and 180 years of human impact on the 
West's “sagebrush steppe.” 

The Southwestern and Rocky Mountain 
(SWARM) Division of AAAS held its 
2nd Annual Meeting in Houston from 18 to 
21 April, opening with a symposium on energy 


PROJECT 2061 


research and development: the closing sym- 
pposia were on the teaching of evolution in pub- 
lic schools and stem cell research. SWARM 
Executive Director David T. Nash said that ses- 
sions on climate and sustainability are under 
consideration for the 2008 division mecting 

‘The Caribbean Division has cosponsored an 
exchange program involving environmental 
«xlucation teachers from Puerto Rico and W 
consin, Like meetings in years past, this year’s 
‘meeting —on 20 October in Puerto Rico will 
feature environmental themes, said division 
President Margarita Irizarry-Ramirez, a 
researcher at the University of Puerto Rico 
Medical Sciences Campus. 

The Arctic Division, founded in 1951 (as the 
Alaska Division), hasemenged asa hey forumon 
a ninge of polar environmental issues, including 
climate change. Its Aretic Science Conference in 
September will focus on the Intemational Polar 
Year (PY), global, scientific program that runs 
from March 2007 to March 2009, 

Aretie Division President John Kelley. a 
professor of marine science at the University 


New Atlas Maps Out Routes to Science Literacy 


‘Atthis month’s meeting of the National Science Teachers Associ- 
ation in St. Louis, AAAS's science literacy initiative Project 2061 
released the second volume ofits groundbreaking Atlas of Sci- 
lence Literacy. Like its 2001 companion Alas 1, the new book is 
a collection of “roadmaps” that can help teachers build science 
literacy from kindergarten through the 12th grade. 

The atlas debuts as new federal science learning standards 
are taking root in American classrooms. Beginning with the 
2007-2008 school year, the U.S. No Child Left Behind Act 
requires science testing at least once in each of three grade 
spans: 310 5, 6 0.9, and 10 to 12. 

Teachers may need to adjust when they teach certain topics 
to prepare their students for the new testing schedule, accord- 


ing to Elizabeth Petersen, a middle-school science teacher in 
Ladue, Missouri and past president of the Science Teachers of Missouri. The Atlas is “an enor- 
ously powerful tool to help teachers choose the most important science concepts at each stage,” 
Petersen said. “The maps also underscore the fact that teachers at every grade level have such an 
important roe to play in promoting science literacy.” 
‘Maps in the two-volume Atlas of Science Literacy connect the K-12 science leaming goals rec- 
ommended in Project 2061's respected Science for All Americans and Benchmarks for Science 
‘Literacy. Volume 2 contains maps for 44 new topics, including weather and climate, computation 


and estimation, and health technology. 


“The maps chart the ideas and skills that students are expected to learn, when they might be 
able to learn them, and how the set of ideas and skills fit together to support science literacy,” 
explained Jo Ellen Roseman, director of Project 2061. 

St. Louis-area K-12 teachers who took part in an Earth Systems class praised the Atlas map 
format, according to course instructor Sharon Kassing of the St. Louis Zoo and the Center for 
Inquiry in Science Teaching and Learning. “They really liked the Atlas maps,” she reported. “The 
‘way the information is arranged, and the notations about how and when related topics can be 
addressed with students were popular features among the teachers.” 

A preview of the new Atlas and information on ordering the volume is available at 
ww.project 2061.0rg. Project 2061's Benchmarks of Science Literacy and Science for All 


‘Americans are now freely available there, too. 
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of Alaska Fairbanks (UAF), served on the 
National Academies of Science Plan 
‘Committee for U.S. participation in the IPY. 
“The IPY and the membership of the AAAS 
“Arctic Division will have an opportunity to 
leave a legacy brought about by the presenta- 
tion of results of international collaborative 
science and engineering through the public 
tion of the proceedings of the Arctic Sci 
Conference:” Kelley said. 

Arctic Division Executive Director 
Lawrence K, Dutly, professor of chemistry 
and biochemistry at UAF, noted that the 
annual AAAS Arctic conference also is an 
important forum for young seientists and sei- 
ence students, 
saming about the role polar regions play 
in global climate processes and the resilience 
of Aretic peoples will inspire the next genera 
tion of scientists, science educators and policy 
Jeaders.” Dully said. 
members who live or work within 
‘one of the regional divisions are automa 
cally considered division members, To learn 
more about the regional divisions, visit 
ww wataas.onp/go divisions, 


SCIENCE CAREERS 


Tap into Federal Funds 
with GrantsNet 2.0 


Rescarcherscan now use the SeienceCarwers org 
GrantsNet site to find US. government grant 
announcements, significantly expanding the 
funding opportunities available 1o GrantsNet 
Visitors, 

The new announcements, directly imported 
from the federal Grants.gov database, should 
increase the number of “live” grants on the site 
from 900 to 1400 by the end ofthe year, accord 
ing to Alan Kotok, ScienceCareers managing 
cei, Many ofthese new grants are in the phys 
ical sciences, social sciences, and engineer 
Inga change from GrantsNet’s original focus 
‘on biomedical and life sciences, 

‘Along with the site's extensive data 
nongovernmental grants. the new 
“gives researchers and administrators a single 
location to find funding from all sources, with 
obvious savings inti 
‘noting thatthe number of visitors tothe funding 
section of ScienceCareers is up 3% from this 


time last year 
The revamped database is only part 


ihe 
transformation to "GrantsNet 2.0." The 
¢ also offers twonew monthly RSS feeds that 
will alert users directly about new research 
funding and student and institutional support 
But one thing hasn't changed: GrantsNet is still 
free of charge and requires no registration 
to use. To test-drive GrantsNet 2.0, vis 
‘mtp://sciencecareers sciencemay one funding. 
—Becky Hom 


sit 
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The Problem with Determining Atomic 
Structure at the Nanoscale 


Simon }. L. Billinge™* and Igor Levin 


Emerging complex functional materials often have atomic order limited to the nanoscale. Examples 
include nanoparticles, species encapsulated in mesoporous hosts, and bulk crystals with intrinsic 
nanoscale order. The powerful methods that we have for solving the atomic structure of bulk crystals fail 
for such materials. Currently, no broadly applicable, quantitative, and robust methods exist to replace 
crystallography at the nanoscale. We provide an overview of various classes of nanostructured materials 
‘and review the methods that are currently used to study their structure. We suggest that successful 
solutions to these nanostructure problems will involve interactions among researchers from materials 
science, physics, chemistry, computer science, and applied mathematics, working within 3 “complex 


modeling” paradigm that com 
‘computational framework. 


he “structure problem” ean be stated 
| hutorwardly: Given anew material, 
‘what is the atomic arrangement 
Having this knowledge isa prerequisite 
theoretical understanding of the material's prop- 
the case of crystals there are robust 
ve solutions to this problem, as far 
asthe average atomic positions are eoncemed, In 
many eases, it is possible 1o put a erystal on a 
‘computer-controlled x-ray diffractometer (XRD) 
and have the computer retrieve the structure, This 
is not so for nanostructured materials, such as 
nanoparticles, mesoporous materials, and blk 
crystals with short-range structural fluctuations 
What emerges from the XRD when a sample of 
hanopautictes, for example, is loaded is: not a 
structural model but a broad and continuous 
iensity distribution that is: not amenable to a 
crystallographic structure solution. The need to 
determine atomic arrangements in nanostructured 
‘materials, quantitatively and with high precision, 
is what we call the “nanostructure problem.” A 
number of powerful probes exist for studying 
local and nanoscale structures, but in general we 
have no widely applicable solution to the nano- 
structure problem, 
olving the crystal strcture problem was fir 
from trivial, the history of which is dotted with 
Nobel prizes. The reason isthe “phase problem” 
the inherent loss of information that oecurs when 
scattered intensities are measured. The challenge 
isto reconstruct the fost phase information from 
the intensity data, In most eases, this is done by 
solving a large, nonlinear, global optimization 
problem, where the degrees of freedom are the 
unknown phases, or atomic coordinates. and 
‘where the constraints come from the data (Bragg 


‘oepanment of Physics and Atronony, Michigan State 
Univesity, East Lansing, MI 48824, USA. Ceramics D> 
sion, National. Institute of Standards and. Technology, 
Gaithersburg, MO 20899-1070, USA. 

“To whom correspondence should be addesed. mat 
bilinge@pamsueds 


yaww.sciencemag.orq 


theory and experiment in a self-consistent 


peak positions and intensities), Such a problem is, 
solvable in principle if there are more constra 
than degrees of freedom and solvable in practi 
if this condition is matched with suitabl 
algorithms. Crystal structure problems are usual- 
ly well conditioned because thous 


n the case of pro 
tein crystallograph imbers are larger), 
and the existing algorithms work well 
This global optimization approach is com- 
pletely generic and presents to us ard map for 
solving the nanostructure problem. First, we need 
to ensure that the particular nanostructure prob- 
lem is well conditionod: We have more con 
straints from data, and other prior knowledge. 
than degrees of frcedom in our model. Sscond, 
we need algorithms that can reconstruct the three- 
imensional (30) structure from the information 
at hand. In the case of nanostructures, both 
aspects present substantial challengcs 
Many techniques exist for probing nanostruc- 
tured materials. Some are inberently local, such 
as transmission electron microscopy (TEM) and 
canning probe microscopics. Others are bulk 
average probes that are sensitive to local struc- 
ture, such as the atomic pair distribution function 
(PDF) method or extended x-nay absomption fine 
structure (EXAFS) analysis. The principal diffi 
caulty with the application of these methods 10 
solving the nanostructure problem is that, in gen 
cra, any one technique does not contain sul 
<ient information to constrain a unique structural 
solution. A coherent strategy is requited for com- 
‘ining input from multiple experimental methos 
and theory in a self-consistent global optimiza- 
tion scheme: something that we refer to as 
“complex modeling 


Types of Nanostructure 
Many crystals are now being made and studiod 
that have local atomic arrangements substantially 
Aiflerent from those inferred fiom the erystallog- 


ruphy (1). We refer to these as nanostructured 
bulk materials, and an example is shown in 
Fig. 1A. In these materials, domains of local 
structural order exist whose correlations ex- 
tend over nanometer-length scales without 
destroying the averaye lattice, There isa grow- 
ing realization that this behavior is not rare but 
widespread and can be extremely 
example, the most desirable ferroelectrics for 
transducers are relaxers with polar nanodo- 
mains (2); the most promising bulk thermoelec- 
trics have nanoscale phase separations perfectly 
tuned! to scatter heat-conducting long-wavelength 
phonons (3, 4); and nanoscale phase separa- 
tion, possibly an intrinsic property of the elec~ 
tronic system, is thought to be essential for 
obtaining colossal responses in advanced elee- 
tronic miterials such as colossal magnetoresistant 
(CMR) manganites and high-temperature super- 
conductors (5). 

By definition, soft materials produce a lange 
response toa mechanical load, The emerging 
nanostructured bulk mat n be thought of 
as hand materials that are electronically or mag- 
nictcally (or in They 


useliul, For 


be easily flipped or switched, producing a lange 
response (5), Because the structure is scale- 
dependent, the response alo depends onthe 
Jengih and time seales of the probing excitation 
Understanding the formation of nanostructures in 
(and their effects on the properties of) these mi- 
terials isa complex problem because the different 
scales cannot necessarily be considered indepen- 
dently from each other. Multiscale modeling is 0 
‘major frontier in computational materials science 
(6). The same could be suid for multiscale studies 
in the experimental materials domain. 
Mesoporous materials, ithistrated in Fig. 1B, 
are bulk materials that contain porosity. with 
nanometer-scale dimensions, They have a wide 
range of uses, including catalysis, chemical sep- 
aration, waste remediation, hosts for hydrogen 
storage, passivation of reactive species, as well as 
hitherto unforeseen applications. Just about every 
bulk material i a candidate for being manut 
mesoporous form, but mast progress 
‘been made in covak 


Auention has revently been focused tow 
making narrow band-gap semiconducting 
materials in the mesoporous form (/0), The 
iemal pores of these materials can also bi 
functionalized with molecules to modify their 
reactive propertics 

‘Structural questions are twofold in these sys- 
tems: What isthe structure ofthe framework, and 
what isthe structure of species intercalated inside 
the pores? These are also multiscale problems, 
The performance of the muttial is not only 
sensitive to pore sizes (1 to 100 nm) and connec- 
ivity, but also to access to the pore network that 
depends on panicle size (1 to 100 jm) and 
morphology. Except in the minority of crystalline 
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ceases, such as the zeolites, nonerystalline meth- 
‘ods are needed. In general, the intercalated 
species are not arranged periodically in space, 
so nonerysiallographic nanostructure methods 
ate required to solve their structure. 

Starting in the late 1980s, chemists bewan 
synthesizing nanoparticles: nanometer-scale 
tals of semiconducting and metallic materials 
ig. 1C) (11). The synthetic has de- 
veloped rapidly, so that there és 
control and breadth of composition, size, shape, 
polydispersity, and selassembly, Some nano- 
paticles even have their own substructure, Nano- 
panicles have already found application, for 
‘example, as nonquenching fluorescent tags for 
biological molecules. Assemblies of nanopani- 
cles ofler an entirely new and hardly explored 
frontier for applications. 

The physical properties of the nanoparticles 
are modified as a result of their finite size that 
modifies the electronic structure throtgh quan- 
{um confinement (17). However, equally 
tant is the modification of the local a 
jure resulting from a substantial proportion 
ff the sample being associated with a surface. 
itself relaxes, but the presence of 
so can modify the “bulk” struc- 
of stable extended defects 
inoparticle structure can also depend 
‘om the chemical environment in which the nano- 
paiicle resides and the nature of the passivating 
nt layers (13). However, because of 
nanostructure problem, most structural studies 
have been semiquantitative at best and often rely 
‘on extrapolations fiom the bulk material. When 
considering discrete nanoparticles, it is also 


important 10 consider the true nature of the 
material and to formulate the pertinent structural 
question: for example, isthe sample an ensemble 
of identical particles, a statistical distribution of 
similar particles, or a single nanoparticle im a 
device? 


Experimental Methods for 
Nanostructure Elucidation 
Experimental probes of nanoscale structure fall 
Wo a number of categories. Such probes can 
Yield direct or indiwet information about the 
atomic arrangement. XRD is an example of the 
former and Raman spectroscopy the latter. They 
‘can be methods that probe small, nanometer- 10 
micrometersizal regions of samples or bulk 
average probes of local structure. In. general, 
methods from different categories provide highly 
wmplementary information and are much more 
Powerful when used together. n Table 1, We list 
and categorize the different techniques described 
below 

One standanl approach to crystal structure 
solution involves reconstructing the phase, as 
wellas the known intensity, of each Bragg reflee- 
tion, Lost phase information can also be recon- 
structed from nonpeiodic systems in a process 
known as difliaction imaging (14, 15). The exper- 
al requirement is a highly coherent x-ray 
beam with a cres-scctional arca that is more than 
two times that ofthe nanoperticke under study. The 
nanoputicke oF particks are mounted on a: non- 
scattering (or weakly scattering) support. Power- 


ful algorithms exist for reconstructing the lost 
phase informa 
the coherent 


on when the area illumi 
is more than twice that 


ted by 


Fig. 1. Examples of nanostructured materials. (A) Nanostructured bulk materials. (B) Intercalated 
mesoporous materials. (C) Discrete nanoparticles. in each case, ball-and-stick renditions of possible 
structures are shown on the top, and TEM images of examples are shown on the bottom. Ball-and-stick 
images were reproduced with permission {in (A) and (B) from the American Physical Society [from (52) 


and (53), respectively] and in (©) [from (23)}. 
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nanoparticle. This allows for a dint Fourier 
transform to reveal the density distribution, 
Which is an image of the sample (/6), The fist 
successfil experimental demonstration used soft 
says to image 100-nm-diameter wold spheres 
arranged as letters (J7), Curently, these tech- 
niques have not demonstrated atomic-scale resolu 
tion fom X-ray measurements and show more 
‘promise in the short term as a nanoscale imaging 
‘method. In principle, with a probe of sufficiently 
Short wavelength, individual atoms could be 
imaged, and this approach could be used forstruc- 
tune determination. Atoms on a carbon nanotube 
have already been imaged in this way by means 
of electron difliaction (/8), 

Nanostructures can also be solved from 
conventional diffraction data by computer mod= 
cling. For some time, it has been possible 10 


extract nanoscale structure with the use of total 
scattering data that includes both Bragg (where 
it is present) and diffuse seattering intensities 
. 


19), Such data yield the local and inter- 
cliate range structure and are often probed by 
Fouricr-transforming to real space, yielding the 
atomic PDF (19), This function gives a measure 
of the probability of finding pairs of atoms sep- 
arated by some distance, For example, a strong 
ik in the PDF can be seen at the neaest- 
another at 
ighbor, and so on, Where a well 
ed! structure exists, peaks are observed 

ges, beyond 30 nm in 


Total scattering data are rich in nanoscale 
structural information, ‘The scattering patter in 
reciprocal space and the PDF in real spice are 
readily calculated from a model atomic configu 
tation. The model can then be updated by me 
ing atoms (oF other parameters) until a woox! 
‘agreement is obtained between the calculated and 
measured pattems: a process called structure > 
finement. The diffuse scattering from nanostruc- 
tured regions of single erystals can be studied with 
acrays and neutrons (20); however, quantitative 
analysis of the data is a challenging, computa 
tional problem that is under active development 
Greater progress has been made with modeling 
the isotropic scattering from powders, When the 
analysis is earned out in reciprocal space, the 
model ofien consists of many atoms that are 
moved around with the use of a simulated an- 
naling approach known as reverse Monte Carlo 
(21. This approach is widely used for extracting 
structural configurations from more highly dis- 
condered materials, such as glasses and figuids, 
With fitle a priori knowledge of the structure, 
Disorder in crystals is frequently modeled in 
real space in an approach that is similar to 
Rietveld refinement of regular powder x-ray or 
neutron diffraction data (22) but which yields 
the local structure because itis the PDF that is 
being fit (23, 24). The optimization method ean 
be a local downhill-search method (24), such as 
Newton or Levenben-Marquardi, oF a global 
search method, such as Monte Carlo (25): the 
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former being much faster but requiring the initial 
guess to be rather close to the actual solution. 
There is sometimes benefit to fitting jointly in real 
and reciprocal space (25), 

None of the above approaches allows forthe 
ab initio solution of unknown nanoparticle struc 
tures trom welhonered nanoparticles (ie.. the 
‘ease Where a specific solution exists). However, 
by means of a recently developed algorithm, the 
3D structure of Cyp was detemined from PDF 
data alone (26). In this case, the information 
content of the data (18 distinct atom-pair 
distances and their multiplicities) was enough to 
itive a unique 3D reconstruction of the 60-stom 
buckyball, as illustrated in Fig, 2. The ease of Coo 


proved to be well conditioned, though it was not 
‘obvious a priori that this would be the ease. In 
general, total PDF data will have to be 
‘augmented! with information from other sources 
such as EXAFS, nuclear magnetic resonance 


(NMR), TEM, of chemically resolved PDFs 
‘obtained fiom differential measurements making 
use of the different scattering strengths of 
isotopes (neutrons) or resonantly scattering 
elements (Serays). The local structural methods 
described here ate beginning t be applied 10 
study excited-state structures of materials. with 
the use of time-resolved: pump-probe experi- 
ments (27, 28), Developments in nanostructure 
determination ean thenofore be quickly extended 
to excited-state structures inthe future 

X-ray and neutron smalhangle scattering, 
hanoscale tomographic imaging. and retlectivity 
measurements are widely used w study nano 
structured systems. They donot yiek! atomic~ 
resolution information but provide important 
ancillary data (for example, about the homge- 
nity of the sample) that will be important in 
constraining the proper atomie-seale structural 
solution, Similar highly complementary 3D in- 
formation about materials, with atomic resolution 
and chemical specificity but not quantitative 
hond-length information, is also available by 


_mcans ofthe destructive atom probe tomographic 
technique (29) 

EXAFS is a bulk probe that caries infor 
imation about nearneighbor distance distrib 
tions, coordination numbers. and, less directly, 
‘bond angles. EXAFS probes only the first few 
‘coongination shells and therefore does not reveal 
nanometer-scale structure, However, it contains 
crucial chemical-specific local structural infor- 
imation and is sensitive to dilute species. Thus. it 
is a natural complement to the nanoscale, but 
chemically unresolved, PDF data. isa 
widely applied local structural technique. Simul- 
tancous quantitative analysis of diffraction and 
EXAFS data sets, currently rather rare (30), will 
certainly grow in importance ins the future 

X-ray absorption near-edge structure 
(XANES) also reveals information on. inter 
‘atomic distances and coordination numbers but 
is substantially more sensitive 1 bond angles 
than EXAFS, XANES commonly serves as a 
fingerprint for the coordination type and oxila- 
tion state of a given chemical species, but it can 
also provide such structural details as the magni 
tudes of local metal displacements and chemical 
short-range onder parameters (31) in transition 
metal oxides, Unlike EXAFS, the agreement be- 
tween calculated and experimental XANES in 
many caves is still ony semiquantitative, though 
the theory is ipidly developing (32). Full quan- 
titative fitting will allow direct incorporation of 
this important information into. nanostructare 
problems, 

Raman spectroscopy in solids exploits the 
inelastic scattering of light by optical phonons. 
As such, it is an indirect probe of structure: 
‘however, Raman spectra are extremely sensitive 
10 local deviations from the average periceicity, 
making this a valuable probe of local structure. 
Interpretation of Raman spectra requires accurate 
assignment of Raman peaks to specific vibrations 
from an independent preknowledge of the struc 
ture. Although group theoretical analyses provide 


Table 1. Experimental probes of nanoscale structure categorized as direct versus indirect measures of 
structure and whether they probe the whole sample (bulk probe) or a small part of it local probe). 


Probe 


Direct (D)indirect (1) 


Bulk (B)Mocat (L) 
probes 


Total scattering/POF 
Diffuse scattering from single cystals 
EXARS 

XANES 

Raman spectroscopy 
NMMRUMGssbaueriSR 

‘Small-angle scattering* 

Tomographic imaging* 

Diffraction imaging 

TeWielectron diffraction 

‘Atom probe tomography 

‘STIVAFI 

X-raylneutron reflectivity" 


modes, first-principles calculations are essential 
for a reliable peak assignment. First-principles 
calculations of Raman intensities are feasible (33) 
but still scarce, even for ideal crystals. Currently, 
Raman spectra serve as fingemprints for phase 
‘identification in nanostructures, providing impor- 
tant constraints for the correct structural model. 
Considering the broad availability of Raman 
spectroscopy and its sensitivity to local structural 
details this echnique has a potential to become a 
standand laboratory too! for rapid local structure 
analysis. Full access to the rich local structural 
information contained in Raman spectra neces- 
sitates development of theoretical models and 
efficient computer algorithms in systems tht ane 
distorted from the ideal structure, 

Solid-state NMR (34) and related techniques, 
saich as Méssbaver and muon spectroscopies, ate 
ether spectroscopic methoxs tha ane sensitive 10 
foal structure. They yield information about the 
Jecal symmetry and coordination ofthe probe atom 
cr site and can also be valuable for establishing andl 
quantifying phase separation where it exists 

Advanced TEMS provide a multitude 
complementary diffraction, imaging, and spec- 
troscopic techniques~all available in a single 
instrument that enable quantitative, atomically 
resolved, structural and chemical information 
‘over scales ranging from a micrometer to an 
angstrom. Real-space structural imaging from 
thin sections of material in high-resolution TEM 
(HRTEM) and scanning TEM (STEM) modes 
provides information on the nature of nanocrys- 
tals and nanostructures in but materials, Dif 
finetion patiems are also available from these 
small areas. 

The dynamical nature of the electron seat- 
tering means that HRTEM images contain all the 
phase information as well as the amplitudes of | 
diffracted beams, which should facilitate ab initio 
«crystal structure determination; however, the im- 
age contrastalso depends on nonstructural factors 
such as simple thickness, lens aberrations, and 
imaging conditions. Only for sufficiently thin 
samples, as encountered in the studies of nano 
panicks, can Fourier restorations of the electron 
‘wave atthe exit surface of a sample enable diteet 
interpretation of phase contrast in terms of the 
crystal potential. The power of this approach is 
highlighted in determinations of the chirality of| 
single-walled carbon nanotubes (SWNTS) (35) 
and atomic arrangements in, 1D semiconductor 
‘crystals (36), The phase information contained in 
HRTEM images can be combined with the 
amplitude information from electron diffaction 
prtlems to solve the structure in a manner similar 
to the direct methods of x-ray crystallography 
(37). Despite considerable promise, ab initio 
solutions of the nanostructure problem with the 
use of HRTEM and electron crystallography are 
far from routine, and atomic amangements are 
‘more commonly found by matching a computed 


“A direct measure of trocture at low resolution that gives information that could be used indiveciy ina nanosrecure slain. 


‘local inthe sense that tony probes surtaces and interfaces. 
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phase contrast for atrial structure to the experi= 
‘mental images 
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‘Annular dark-field STEM images, reconied 
by means of electrons scattered to large angles, 
exhibit a so-called Z contrast with the image in- 
tensity being approximately proportional to the 
omic number, Z, squared. Atomic-resolution Z- 
contrast images camry both structural and chem- 
information that, in-many eases, can be 


inferred directly trom the image without com- 
puter simulations. Z-contrast imaging is often 
‘combined with electron energy-loss spectroscopy 


(EELS)—a technique analogous to soft x-ray 
absorption spectroscopy —t0 obiain additional 
element-specific chemical and structural infor- 
ration on the atomic scale, The Z-contrast 
combination is particularly useful for determi- 
nation of nanoseale chemical and charge order- 
ing (38) and the location of dopant atoms (39), 
Recent dramatic advances in TEM instramen- 
lution in the form of lens sphericababerration 


correctors substantially improve the merits of 
both HIRTEM- and STEM-based tchniques for 
determination of local atomic arrangements, 
‘Subject 10 sample limitations and radiation dam- 
age. Direct HRTEM invagi 
0, 


§DJike HRTEM imaging of SWNTs 
resolved STEM imaging of 
(42) are just a few exam 
piles that illustrate the potential contributions of 
aberration-corrected TEM to solutions of 
structure problems 

Electron diflaction is a highly sensitive toot 
for the detection of diffase intensity (43) because 
‘electrons are scattered by matter 1008 10 10,000 
times more strongly than x-rays oF neutrons, AS 
‘with x-rays, the diflise intensity encodes nano- 
scale structural information that ean, in prineiple, 
bbe modeled to yield nanostructure, though fully 
‘quantitative analysis of the data is difficult, Pro= 
‘cession micthods that make the electron seattering 


A 


. 
Sy 


more kinematical in nature (44) would help 10 
make these analyses more quantitative. though 
this kind of analysis is in a fledgling state. Elec 
tron nanodiffraction in a STEM mode also 
‘contains structural information fromm nanometer- 
sized regions and can be used directly (45), or 
combined with STEM imaging in hybrid meth- 
‘ods such as fluctuation microscopy (46), to deter- 
mine medium-range structural correlations, As 
with the x-ray case, time-resolved measurements 
of excited-state structures are also possible with 
electrons and are especially apmopos for nano- 
particles (47), 

In the world of nanostructures, TEM-based 
methods are positioned to play a critical role by 
providing single-crystal structural models that 
‘can be used in subsequent refinements by means 
of powder scattering and spectroscopic tools. 
Simultancous quantitative analysis of TEM and 
other types of structural data (c. 
EXAFS) should greatly facilitate the determina 
tion of local atomic arrangements but will require 
the development of suitable computer software 

Surface imaging probes, such as scanning 

mnneling micescopy (STM) and atomic for 
microscopy (AFM), also provide valuabke nano- 
scale information, They often have atomic resolu- 
so give spectroscopic information 
scale (48), Nan 


ive bulk projections 
omographic methods. will yick! 3D reconstruc- 
tions of 1a 


imaging techniques described abowe and curent- 
ly have similar resolutions X-ray imaging probes 
«do not have atomic resolution, but combining the 
information with other atomic-resolution data i a 
powerful way to extract complex multiscale suc 


Fig. 2. Example of ab initio nanostructure determination withthe use of POF data and the “Liga” algorithm 
(26), (A) The POF data are used to extract interatomic distances and maltipiites. Ths information & used 
by the algorithm to build up clusters that are consistent with that information, to backtrack by removing 
‘atoms in poorly performing clusters, and then to rebuild until 2 good solution is found. R is the radial 
distribution function, and r the interatomic distance. Black asterisks indicate the positions of POF peak 
maxima and shoulders used to determine interatomic distances present (shown as dashed lines). Red and 
‘green trianales indicate the integration limits used to determine peak intensities and therefore multiplicities 


of those distances, The procedure is illustrated in (B) where a number of 


jermediate clusters are shown on 


the way to a successful reconstruction of Cgo (top right corner). The colors of the spheres indicate the amount 
‘of error contributed to the atom at that postion. I 2 continuous color scale from dark bive (low error) to 
dark red (high error) Images were reproduced with permission [from (26)]. 
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tures: Knowing the nanoscale momphology of the 
material can act as a constraint for otber higher 
resolution probes. In exceptional cases, it may be 
possible to get a multiscale structure solution by this 
appmvach, as has been demonstrated in the solution 
ff vinis structures by combining low-resolution 
‘ryogenic electron microscopy (eryo-EM) images 
With stomic-resoluton structures of the individual 
Froicins making up the viral capsid (49), A dis- 
tribution of discrete but identical viral capsids that 
are frozen on a substrate in random orientations is 
imaged in the micwscope, and sofware is used to 
rcoonstnuct the low-resolution structure of ep 
resentative capsid. IF the structure of the folded 
rotcins making up the capsid has been solved by 
means of protein crystallography, then those pro~ 
tein structures can be superimposed on the low= 
‘solution electron density mp from the eryo-EM 
tw givea more complete solution 


The Future: Complex Modeling 
The complex nature of the nanostructure problem 
rncans that the solution will require a coordinated 
response fin rese a bvoud range of 
scientific expertise, This current 
an incoherent way; Mui groups work inde 
pendently: on the same problem and 
through the literature and conferences, Cohet 
requires that experimental data are collected, 10 
the extent possible, on the same or same-batch 
samples, and the data ane shared in a common 
‘computitional global optimization framework. 
‘The distinction between theory (predicting out- 
comes) and experiment (measuring outcomes) 
becomes blared because both contribute 10 our 
state of knowledge of the system and can be used 
to reglarize the problem, For example, theory 
can inf us of the presence of physically 
tuneasonable structural solutions that are, none 
theless, consistent with data in an otherwise under 
constrained situation, In_ principle, theoretical 
<akeulatons can be included inthe regression ey- 
cle, whre approximations in the model arc con- 
sidered as degrees of freedom. Direct energy 
‘minimizations and data fiting in the form of 77 
‘ninimizations can be combined in the global op- 
timization framework. This concept is not new: In 
crystallography, theoretical constants (such as 
knows from 
‘ether methods (such a the amino acid sequet 
‘of a protein) are crucial in finding structural 
solutions. However, despite some initial efforts 
(50, $1), the approach is not being systematically 
exploited in materials science, Great strides toward 
more robust and widely applicable quantitative 
solutions 10 the nanostructure problem will: be 
rade as we Kam how to combine the rests of 
«experimental metho ad theory more tively 
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Fast Routing in Road Networks 


with Transit Nodes 


Holger Bast,* Stefan Funke,” Peter Sanders,”* Dominik Schultes? 


Jomputing the quickest route in a road 
( network fiom a iven source 10 @ given 

target is an important problem used in di- 
verse applications, such as car navigation sys- 
tems, Intemet route planners, traffic simulation, or 
logistics optimization, Dijkstras classical al- 
gorithm for this problem (/) iteratively visits all 
hod that are closer to the source than the target 
betone reaching the target. On road networks fora 
subcontinent tike Westem Europe oF the United 
States, this takes about 10 sen a workstation which 
is too slow for many applications. Commercial 
systems instead use heuristics that are much faster 
but that do not guarantee optimal routes, Thene has 
been considerable interest in faster techniques for 
nputing exact routes, The Supporting Online 
ial (SOM) matizes previous wch- 


Mat 


niques. These use special propertis of rad net 
\works and oflen procompute some connections 

Our approach, transit node routing, has its 
basis 


a simple observation intuitively used by 
ans: When you drive to somewhere fir away, 


'Max-Plandcinsttut flr Informatih, 66123 Sanrbrixken, 
‘Germany. “Univers Karlsruhe (TH), 76128 Karlsruhe, 
Germany, 

*To whom correspondence should be addressed. Ema 
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Fig. 1. Finding the quickest route between two points somewhere 
between Saarbriicken and Karlsruhe (triangle-shaped flags), Germany, 
amounts to retrieving the 2-by-4 access transit nodes (diamonds), 


you will eave your cument Jocation via one of 
‘only a few access routes toa relatively small set of 
nodes interconnected by a sparse network 
relevant for long-distance travel. We therefore pre- 
‘computed the following connections: from each 
Potential source or target to its acces transit nodes 
and between all pairs of transit nodes. We also 
needed an effective notion of “faraway”: A Toca 
ity fier determines when the precompaitd inf 
Imation guarantees optimal resus. Figure 1 
an example. 

For an efficient implementation, we adapted 
highway hierarchies, the fastest previous approach 
(2). A highway hierarchy consis ofa sequence of 
levels, where level / +1 is constructed from level 
by bypassing knwdegree nodes and removil 
edges thit never appear far away fiom the soun 
‘or target of a quickest path. Interestingly, these 
levels are geometrically decreasing in size and 
‘otherwise similar to each other. Connection que- 
ries can be computed efficiently because, sulli- 
ciently far away from source and tanget. only high 
levels ofthe hierarchy need to be considered, The 
nodes of the highest level become the transit noxke 
set. For a commercial dincctad rad network for 
Westem Europe (results for North America are 
similar) with 18,010,173 nodes, We got 11,293 
transit nodes, an average of 9.9 access transit 


rods, and a locality filter allowing us to treat 
98.7% ofall queries by using few table lookups 
re 
We were not done yet, because the remaining 
1 Jocal queries are also important in ap- 
plications. Therefore, we introduced an additional 
layer of secondary transit nodes, Because the soe- 
‘ondary distance table only needs to store regional 
‘eennestions not covered by the primary layer, mem 
‘ory consumption remains reasonable, although in 
‘our example graph we have 323,356 secondary 
transit nodes, Afler applying a thir layer with 
2,954,721 tertiary transit nodes, the remaining lo- 
cal scarches involve only a handfil of nods, We 
ebiained query times between $ ts for global quo- 
fics and 20 ys for local queries (fig, $1), The pre= 
computation needs Kess than 3 hours overall, and 
the precomputed information consumes 4.5 giga- 
bytes. We also have versions with considerably 
Jower space consumption at the cost of more eX 
pensive quetics 
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checking that the two disks defining the locality filter do not overlap. The 
levels of the highway hierarchy are drawn by using the colors gray, red, 
blue, and green for levels 0-1, 2, 3, and 4, respectively. The other transit 


performing 16 table lookups between all pairs of these nodes, and nodes are drawn as small yellow squares. 
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Revisiting Carbon Flux Through 
the Ocean's Twilight Zone 


Ken 0, Buesseler,?* Carl H. Lamborg,? Philip W. Boyd,? Phoebe }. La 
* Karen L. Casciotti,” Frank Dehairs,’ Marc Elskens, 


Robert R. Bidigare,* James K. B. Bishop, 


2 Thomas W. Trull? 


‘Makio Honda,” David M. Karl,* David A. Siegel,” Mary W. Silver, ° Deborah K. Steinberg, ? 
Jim Valdes,}? Benjamin Van Mooy,? Stephanie Wilson™* 


The oceanic biological pump drives sequestration of carbon dioxide in the deep sea via sinking 
particles. Rapid biological consumption and remineralization of carbon in the “twilight zone” 
(depths between the euphotic zone and 1000 meters) reduce the efficiency of sequestration. 

By using neutrally buoyant sediment traps to sample this chronically understudied realm, we 
measured a transfer efficiency of sinking particulate organic carbon between 150 and S00 meters, 
‘of 20 and 50% at two contrasting sites. This large variability in transfer efficiency is poorly 


represented in biogeochemical models, Hf applied globally, this is equivalent to a 


‘carbon sequestration of more than 3 petagrams of carbon per year. 


transfer efficiency of the biological 
| ‘pump (/) depends upon how much sink- 
ing. partioul (POC) is 


remineralized and cor 


conmprises a comple mis 
ture of living and dead cells, excretory products, 
dotital matter, and amorphous agregates: (2). 
Remineralization of POC and associated. bio- 
ments sets the concentration of deep ovean 
nutrients and Via subsequent upwelling is a feed- 
back on the strength of primary productivity 
Since the 1980s there have boen various at- 
tempts to parameterize this ux attenuation (3), 
the most common being F = Fyg9tzl00y*, 
Where = isthe tap depth, Fag isthe POC flux at 
100 m, and fis. unitless parameter determining 
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the degree of fhux attenuation with depth. A 
single empirical fit using six Novth Pacifi 
yielded the Martin curve, with Fygg = 4.2 mM 
Cm? day and b= 0.86 (4), which is sti 
widely used in models to describe particle 
lux atter sand also glob 
ally (5-7), 

Tn the past 10 to 20 years, concems have 
ugrown over the validity of the Martin curve duc 
in part to the possibility of collection biases 
sediment traps, Which are open 
urfce Mextation, 
used to dicetly sample sinking particles (8), 
Moreover. lux predictions from global circuls 
tion and data assimilation models (9, 10) arxt 
measurements of flux. variability in the Joep 
‘ocean (/1) have questioned the global apptica- 
bility of this lux curve. Altematives have since 
boon proposed (//. 12), but their value is unclear 
‘because they have their basis langely in models 
andior traps in the deep ocean, where flux 
collection binses are reduced but particle flux 
attenuation is much weaker (3). 

VERTIGO (Vertical Transport in the Global 
Ocean). The VERTIGO project overcame many 
fof the issues of trap collection biases in meso- 
Pelagic waters by using neutrally buoyiant sei 
ment traps (NBSTS) (/4), These 
particle interceptors address the hydredynam- 
ic concem of particle capture in fluid moving 
several onders of magnitude faster laterally 
(km per day) than mean particle sinking rates 
(410 to 100 m day) (2), NBSTs are free ve- 
hicles that sink to a predetermined depth, di- 
rectly intercepting sinking panicles in collection 
tubes fora presct period (days) afler which the 
tubes elose and the NBSTs surface (/5) (fies. 
SI and S2). We deployed NBSTs twice for 3 t0 
5 days using two to three instruments per dept 
(130 m for 3 days, 300 m for4 days. and 500m 
for $ days). Such replication of flux measur 
ments is rarely done, Another unique fac 


VERTIGO was the 


1-day occupation of each 
study site, which enabled us, with replicate de- 
ployments, o relate changes influx at S00 m to 
processes inthe surface water occurring several 
days prior [the majority of particles sink >100 m 
day”! (/6) and thus would reach 500 m within 
~$ days} 

VERTIGO studied 1wo contrasting environ- 
ments. ALOHA is within an ofigotrophie sub- 
twopical gyre and isthe site of the Hawaii Ocean 
time series (HOT) (17). AtALOIA, consistently 
low macronutrients within a warm surfice 06 
result in an eeosystem dominated by picophyto- 
plankton a! low seasonality, with relatively low 
and constant rates of primuy production and 
POC flux atthe base ofthe euphotic zone. K2 is 
situated in the Northwest Pacific subarctic gyre 
and is the site of a moored time-series program 
US), K2 is characterized by coker waters andl 
high nutrient conditions, resulting in more 
seasonality in algal stocks, production, and 
export (/8). Another important contrast is that 
the biomineral content of sinking panics at 
ALOILA was dominated by particulate in 
carbon (PIC, is, carbonate contents of 30 
$00 1 and 64% at 4000 m, Table 1), whereas 
fluxes at K2 during surnmer were dominated by 
biogenic silica (bSi, i, opal) because of surface 
diatom prxtuctivity (80% at $00 and 4000 m) 

K2 had higher POC Muses than ALOHA a 
all depths (Fig. 1A). Fluxes at ALOHA were 
Similar during both trap deployments, whereas at 
K2 POC flux decreased threefold between the 
two deployments, indicating substantial temporal 
‘Phasing of eyportat thissite, The nommaized hax 
files display lower POC flux attenuation at K2 
than at ALOHA (Fig. 1B). POC flux. profiles 
fiom both K2 deployments collapse onto each 
ther upon normalization to lux at 180m (Fig 
1B), despite thei difference in POC flux. This 

ests that POC flux attenuation is not 


wude of ux but rather 
by the mature of the exported POC and the 
processes within the mesopelagic that ane site 


specific. The degree of flux attenuation can be 
expressed as mesopelagic transfer efficiency 
(Toa) 0 the ratio of POC flux at $00 10 180 m, 
AL ALOHA, Tom is only 20%, whereas for K2 
Tegrcquals 46 10 35% (Table 1). 

This pattem of more rapid POC flus attenu- 
ation at ALOHA versus K2 holds for all 
associated bioelements and follows an intemally 
consistent pattem (Fig. 2). At each site, attenat- 
tion follows the same relative order, with 


chlorophyll a > POC > particle mass > bSi > 
PIC, and tracks the labilit ‘elements, 
fastest and 


bsi 
2 implies that, for each 
‘component within the sinking particles, a larger 
proportion would sink 10 greater depth if 
associated with biomineral phases. AIL particke- 
associated elements reach greater depth at K2, 
‘which woul! enhance C sequestration at K2 
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relative to ALOHA and consequently result in 
‘greater remineralization length scales at K2 for 
nutrients such as silicate, 

The differences in particle flux attenuation 
between K2 and ALOHA must be related to the 
properties that characterize each site, These 
include pelagic food web structure, the propor- 
tion of fecal pellets versus phytoplankton 
aggregates, the fraction of export associated with 
ballast minerals and their sinking rates, water 
temperature, and C demand of the mesopelagic 
bacteria and zooplankton communities, or com- 
bbinations thereof, Also, higher zooplankton 
abundances at K2_ will have an impact on C 
transter to depth via surface feeding and daily 
migration to mesopelagie depths 

‘Our observations demonstrate that the diatom- 
dominated ecosystem at K2 is associated with 
more efficient transport of POC through the 
‘wilight gone than the eeosystem at ALOHA. In 
audition to the high Teg in the mesopelagic, the 
high efficiency of this “silica pump” in the 
Northwest Paeifie for POC transpon to the deep 
‘ocean has been noted previously (/9), Thus, our 


y iency of 
agents developed by using bathypelagic trap 
data, which suggested preferential deep ocean 
POC flux in association with PIC and not bSi 
(1,20), 

‘The simicture of the food Web can also change 
temporally at any given site. Forty days after 
peak diatom production at K2 (18), we observe 
a continued deerease in primary production and a 
decrease in the fraction of C fixation attributable 
to 20 jam phytoplankton during deployment 2 
(Table 1)..A decrease in the export ratio fiom 21 
to 11% [e ratio is trperived Mux at base of 
‘euphotic zone divided by primary productivity 
(PP)| fits with lower export predicted with a shift 
to smaller cells (27, 22). The constant Teqrat K2 
inva changing flux environment sugwests that ux 
attenuation processes below the euphotie zone 
respon! proportionally and rapidly to the tha. 

During both K2 deployments, most of the 
identifiable material intercepted. by traps was 
{cal matter from larger zooplankton, in particu- 
Jar copepod species. In the water column above 
the traps at K2, both zooplankton size and the 
median size of fecal pellets were significantly 
anger (42% of woplankton biomass from 0 to 
180m was >2 mimi: 0.17 px C perpelet at 150m; 
fig. $3) than at ALOHA (18% of biomass was 

-2 mm: 0.036 juz © per pellet), Larger pellets 
tend to have higher gravitational sinking rates 
(3), Sinking rates would be further inereased by 
the higher percentage of mone dense biomineral 
phases within the sinking particles at K2 (80% 
‘opal and carbonate by mass at K2 versus 21% at 
ALOHA in 150-m trap; Table 1), although 
slower setling rates in colder, more viscous 
Waters are a potential factor that would offset 
some of these density-driven changes in sinking 
rate. Therefore, a simple explanation that may 
account for much of the twofold higher Tat K2 
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‘compared with that at ALOHA isa faster sinking 
rate duc to differences in ballasting and! z00- 
plankton pellet size. The impact of colder 
Temperatures on the rate of heterotrophic metab- 
‘olism may also contribute to this higher Te at K2 
because of slower biological degradtion of 
sinking particks. 

The extent of ux attenuation at the two 
VERTIGO sites is not captured by the Martin 
curve. After normalizing the observed lux to 


the Martin curve at ALOHA would result ina 
POC flux at 500 m that is double (.e., 36 me C 
im day’) our observations. At K2, POC fluxes 
‘would be 50% too small. The same over- and 
underpredictions would hold for other elements 
a well (Fig. 2) and thus would impact relative 
ratios of nutrients associated with remineratiza- 
tion of sinking particles 

Recent modeling studies based on extensive 
WOCE nutrient and alkalinity data (/0) s 


150 m,averageh values for POC at ALOHA (b= gest that geochemical distributions in the deep 
133 fitted value = ISE) are higher than ocean are highly sensitive to the choice of POC 


predicted (4), indicating gxcater flux attenuation, 
and lower at K2 (h = OS! = 0.05), indicating 
more efficient C transfer to depth (Fig. 1B). 
Indeed, the contrast in POC flux attenuation 
between ALOHA and K2 exceeds the range seen 
across the six sites used 1 derive the Martin 
curve (b ranged from 064 1 0.97) (4). Applying 


flux parameterization, By using global eircula- 
tion models and simulated export production, 
Howard ef al (10) found ditferences of 60 jniol 
dissolved inorganic carbon (DIC) kg” in the 
deep ocean between models and observations by 
sing a Manin-like flux. parameterization and 
increases of 30 jumol DIC ke" by increasing the 


Table 1. VERTIGO site characteristics (14). Temp. is temperature, S is salinity, and dep. is trap 
deployment. ALOHA 0 taken from HOT bottle data average for June and July 2004. POM is particulate 
‘organic matter and is calculated to be equal to 2.2 times mass of POC 20), Opal is calculated to be 
‘equal to mg of bSi times 2.4 (26). CaCO, is equal to 8.33 times PIC. Deep particle properties for ALOHA 
are from annual averages from a 4280-m trap [15.5°N, 151.5°E; Honjo et al 271), whereas K2 data are 
from 4810-m K2 trap samples corresponding to a VERTIGO cruise in 2005. Primary production from 
VERTIGO cruises are based on shipboard deck incubations using *C and °C methods and integrated to 
the 0.1% light level. For ALOHA, these are within 95% confidence intervals for HOT PP data for upper 
100 m but >2 times lower than in situ PP on HOT cruises before and after VERTIGO. K2 PP are higher 
(01) and similar to PP estimated by Honda et al. (18) for the same time period, Size-ractionated PP 
‘calculated as the percent of total PP attributable to >20-ym cells. Euphotic zone e ratio uses POC flux at 
10.1% tight level extrapolated using POC flux curve fits (Fig. 1) to mesopelagic data, Measured 150-m 
‘lwdPP ratios are 10 and 8% for ALOHA D1 and D2, and 12 and 6% for K2 D1. and D2, respectively. 
‘Mesopelagic transfer efficiency defined as 500-mv/150-m POC flux. 


ALOHA Ke 
Dates on site 22 june to 9 July 2004 22 July to 18 August 2005 
Deployment start dates 23 June and 2 July 2008 30 July and 10 August 2005, 
‘Mined layer depth 49m 26m 
Depth of 0.1% tight -125 m 50m 
Physical properties 
Temp. S$ Ogu) Temp. (°C) 
Mined layer 26103463210 9.61 32.91 
150m 2193 3526 208 2a7 33.46 
300 m 3355 3433210 337 33.97 
500 m 762 3408S 3.7 34.18 
1000 m 394344545 257 34.43 
Porticle properties (average by weight) 
% POM —% CACO, % Opal —% POM — CaCO, % Opal 
150m 639 33 W 72 36 768 
300m 516 m1. oa B2 32 818 
500 m 549 319063 aa 34 804 
4000 m 233 599 6.9 76 as 770 
POC fluxes (mg m~ day™) 

First dep. Second dep. First dep. Second dep. 
Integrated PP 180 220 530 365 
150-m POC flux 18 8 a 3B 
300-m POC flux 72 60 a7 v7 
500-m POC flux 36 3.6 9 B 

Production, export, and flux ratios 

First dep. Second dep. First dep. Second dep. 
% PP 520 jim 12% 11% 30% 19% 
ratio = flux at 0.1% 

her B% 11% 21% 11% 

Tey = 500-W150-m flux 20% 21% 46% 55% 
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Tag by a factor of 2.5, VERTIGO data confirm — of more than 3 Pg © year". For comparison, (24). Also, a decrease in ocean pH with increased 
the existence of regional differences in POC Ter lobal anthropogenic emissions of C are 6 107 — COs woul tend to decrease the fraction of ocean 
of twofold or more. Our sites represent low Pe € year. Certainly the entire ocean is not production attibuted to calcium carbonate pro- 
latitude oligotrophic and high-latitude meso- characterized by either single Tea: however. this ducers (25). Both of these effects would result in 
trophic re calculation shows that, in addition to climate- not only lss-cficiem shallow export production 
biogeochemical end members for the global induced changes w primary production, Noris- but also likely lower mesopelagie Tag and hence 
‘ocean or even seasonal extremes at these two ties, and shallow export, changes to meso- reduce ocean C sequestration, which woul 


sites. communitics and Teg would have a greatly amplify this positive feedback on climate 
Implications and conclusions. Ourhighand large impact on the magnitude of occan © — chang 

low Togs if applied to the global shallow export sequestration and hencebe a substantial feedback These data help connect surfitce-water parti- 

production estimate of Laws ef al. of 1 Pe Con climate. The predicted inerease in ocean dle sources 10 mesopelagic fluxes, Both the 


¥(23), would result in a POC flux a 


m stratification and the decrease in nutrient supply faction of production. Keaving the surface and 

ranging from 2.3 w 3,5 Pg C year! or a dif because of climate change are thought to favor — the proportion of export reaching the deep ocean 

stration below $00 m small phytoplankton at the expense of diatoms are highly variable and of similar importance to 

the sequestration of C in the deep occan, 

_ Althowh process. studies at contrasting sites 

POC flux (mg m* d") Normalized POC flux using NBSTs can help unravel diflennces in 

° 20 40 60 80 00 os 1.0 Picks flux attenuation and its controls, meso 

pelagic time-series observations are necessary 10 

A B catch episodic events and the full range of flux 

\ariability, This variability in the attenuation of 

sinking panicle flux is not yet considered in 

‘ocean models and is poorly constrained by 
existing data from the twilight zone. 
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comparison a5 a horizontal dashed 
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A Selective Activity-Dependent 
Requirement for Dynamin 1 in 
Synaptic Vesicle Endocytosis 


Shawn M. Ferguson," Gabor 
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3 Liang-Wei Gong,*?? 
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Ottavio Cremona,’ Gero Miesenbéck,” Timothy A. Ryan,* Pietro De Camilli™™”+ 


Dynamin 2 is a neuron-specific guanosine triphosphatase thought to be critically required for 
the fission reaction of synaptic vesicle endocytosis. Unexpectedly, mice lacking dynamin 1 were 


able to form functional synapses, even though their postnatal viability was li 


ted. However, 


during spontaneous network activity, branched, tubular plasma membrane invaginations 
accumulated, capped by clathrin-coated pits, in synapses of dynamin 1-knockout mice. Synaptic 
vesicle endocytosis was severely impaired during strong exogenous stimulation 

but resumed efficiently when the stimulus was terminated. Thus, dynamin 1-independent 


mechanisms can support 
levels of neuronal activity. 


‘continuous reformation of synaptic vesi- 
les via local membrane reeyeling (/. 2) 
Although the precise mechanisms of synaptic 
matter of debate 
ng evidence for a key role of 
sine triphosphatase (GTPase) dynamin 
in this process (4-72), as well as in a yariety of 
‘endocytic reactions in all cell types (9. 13-16. 
Dynamin is thought to oligomerize at the neck of 
endocytic pits and to mediate neck constriction 


S yaptic transmission is dependent on the 
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limited synaptic vesicle endocytosis, but dynamin 1 is needed during high 


and fision (8, 9, 1/). However, previous stuxies, 
have addressed the action of dynamin at synapses 
through dominant-negative interference or phar- 

iacological inhibition strategies. which may 
also elicit dominant-negative effects from th 
activated protein. Thus. we investigated the im- 
portance of dynamin in membrane traffic at 
synapses in dynamin 1-null mutants. 

Mammals express three dynamins with dif 
ferent expression patiems (fig. St) (17), 0 
namin 1 is expressed exclusively in the bra 
whereas dynamin 2 is ubiquitously expressed, 
and dynamin 3 is expressed selectively in brain 
and tests (fig. S1B) (1), In neurons, levels of 
dynamin 1 increase with synapse formation in 
parallel with the levels of synaptic vesicle pro- 
teins (Hig. SHE), These and many other observa- 
tions (9, 18 19) strongly suggest that dynamin 


Fig. 1. Dynamin 1-KO mice appear 
normal at birth. (A) HT and KO pups 
several hours after birth. Arrows high- 
Light less milk in the stomach of the KO 
up. (B) Immunoblot analysis of cell 
lysates from primary cortical neuron 
cultures (15 to 21 DIV) with dynamin 
‘soform-specific antibodies and a pan- 
dynamin antibody. Clathrin tC, clathrin 
light chain. 


A 


1 plays a dedicated and essential role in the 
recycling of synaptic vesicles and, thus 
role in nervous system function, 

Dynamin 1-KO mice appear normal at 
A nll allele of the mouse dynamin 1 
generated by deleting exon 1 ( 
Heterozygous mice were viable, fert 
without any apparent health defects 
matings yielded wild-type (WT), heterozygous 
(ik) and, surprisingly, knockout (KO) pups in 
the expected Mendelian ratio table S1), At inh, 
KO mice breathed, moved, and suckled and were 
‘oot distinguishable fom their litermates (Fig 
1A), Thus, dynamin 1 is not required for either 
embryonic development or for the neurotrans= 
mission that supports perinatal lie However, 
reduction in the ingestion of milk was apparent 
in KO pups within several hours after binh 
(Fig, 1A), and poor motor coordination became 
bvious overthe following days. Overall, dynamin 
1-KO pups filed 10 thrive and died within 2 
weeks (ig S 

loumunoblot analysis of brain tissue and cor- 
tical neuron cultures demonstrated the absence of 
dynamin 1 in KO mice and a dramatic decrease 


min in the nervous system. Levels of 
dynamin 2 and 3, as well as of a variety of pro- 
teins involved in 
oytosis, were not changed (Fig. 1B 

Synaptic transmission in dynamin 1-KO 
neurons. Whole-cell voluige-claimp recordings 
fiom primary cortical cultures were carried out to 
study the impact of the loss of dynamin | on 
synaptic transmission, Recordings of miniature 
excitatory and inhibitory postsynaptic currents 
(mEPSCs and mIPSCs, respectively) revealed a 
lange increase (Fig. 2, A and B), possibly due to 
increased vesicle size (see below). Next, evoked 
synaptic transmission was analyzed in paired 
recordings fom low-density cortical cultures 


Ht 


— Clathrin LC 
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Both EPSCs and IPSCs elicited by single 
presynaptic stimuli (Fig. 2C) were recorded, 
and a statistically significant reduction in peak 
amplitude was observed for IPSCs at KO 
synapses. Other characteristics of IPSCs were 
unchanged (table $2) 

IPSCs were further recorded during trains of 
1000 stimuli Peak amplitudes oF IPSCs tended to 
depress faster in KO neurons than in controt 
(WTI neurons (time constants = 8.5 = 2.5 for 
control versus 3.9 = 1.2 s for KOs P= 0.26; test) 
2E), Furthermore, given the smaller initial 
peak amplitudes in KO synapses, synaptic trans- 
mission failed at earlier times in these synapses. 
IPSC rweovered (as assessed by test stimuli 
delivered at 0.1 Hz) within 100 s 146.0 = 64 
I response in control cultures, but 1 
3.2% of their intial IPSC value in 
2F). Thus, dynamin 1 is not 
‘essential for synaptic transmission, but is. re- 
‘uired for efficient and sustained evoked release. 

Synaptic vesicles form without dynamin 2. 
Unexpectedly, in view of the predicted essential 
roke of dynanvin 1 in synaptic vesicke weeycling, 
but consistent with the presence of a functional 
nervous system in KO mice, electron microscopy 
)reveaked an abundance of synaptic vesicles 
in both control and KO. synapses in_ tissue 
sections examined at postnatal day 6 (fig. SS), 
as well as in primary cultures of cortical neurons 
all ages examined (Fig. 3. A o E. and fi. $6), 
However, EM micrographs of cultured cortical 
neurons {mean age 21 days in-vitro (DIV) 
revealed a modest reduction (200%) in synaptic 
Vesicle numbers G89 + 2.3 per active zane 
profile in WT versus 31.3 © 2.1 inKO. P= 0.018, 
‘test, In addition, synaptic vesicles had a more 
heterogencous and generally slightly larger size 


in KO synapses (mican extemal diameter = 43.13 
0.25 nm for 


0.19 nim for WT versus 47.27 
KO; P< 0.0001, 1 test (Fig. 3 
fi 
size detected electrophysiologically (Fig. 2A} 
Accumulation of clathrin-coated buds. A 
characteristic feature of KO synapses relative to 
controls was a much higher occurrence, striking 
at some synapses, of clathrin-coated vesicular 
profiles (Fig 3, B to F and 1), In ultrathin 
sections, many of the eaxted profiles appeared 10 
be interconnected clathrin-coated bus rather thant 
five coated vesicles (Fig. 3D, inset). Accordingly 
they were accessible to extracellular racers such 
as horseradish peroxidase (HRP. a fluid phase 
tracer) (Fig. 4G) oF HIRP-labeted cholera toxin (a 
membrane tracer), even when cultures were i= 
beled with the tracer on ice (Fig. 3E and fig. $6). 
Eleetron tomography unambiguously demon- 
strated that these structures were bus connected 
ma membrane by narrow branched 


coated vesicles was impaired. 

“The accumulation of assembled clathrin costs 
in KO neurons was also reflected in a modified 
distribution of clathrin and clathrin adaptors (€ 
deadaptin subunit of AP-2) as shown by 
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immunofluorescence (Fiz. 4A and fig. S7). 
Although the abundance of these proteins was 
unchanged (Fig. 1B and fig. S2), their imumuno- 
reactivity had a much more punctate pattern in 
KO cultures. A similar change was observed for 
dynamin 3, which strongly colocalized with 
clathrin pancta in KO neurons (Fig. 44 and fig, 
‘S4)chowever, the dynamin 2 staining pattem was 
weak and diffuse in both KO and controls (fig, 
S4). These effects, together with the accumula- 
tion of coated intermadiates revealed by EM, 
were more prominent when neuron density or 
‘culture age was increased. Hence, we suspected 
that the accumulation of coated intermediates 
reflected a hackup of endocytic traffic in response 
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Impaired vesicle recycling during stimula- 
tion. To measure stimulation-tependent synap- 
tic vesicle recycling directly, neurons that had 
been acutely stimulated in the presence of the 
extracellular tracer HRP were analyzed by EM. 
Afier a 90-s stimulation with high-potassium 
bufler, numerous labeled synaptic vesicles were 
observed in WT synapses (Fig. 4E). In contrast, 
in KO synapses, mainly clathrin-coated profiles 
and other endocytic intermediates were labeled, 
aand the total number of synaptic vesicles was 
more stecply reduced (Fig. 4, C and 1). 
However, after a recovery period of 10 min 
MRP-containing control butler, numerous a 
beled synaptic vesicles were visible in synapses 


to spontancous network activity. Indeed, folhow= 
ing blockade of action potential firing with 
tetrodotoxin (TTX), chstering of clathrin and 
dynamin 3 immunoreactivity and accumulation 
of clathrin-coated profiles were no longer 
observed (Fig. 4. A and B, respectively ) 


of both genotypes (Fig. 4, C, F, and 1), On 
average, recovery in KO synapses lagged behind 
that of the controls (Fig. 4), consistent with the 
delayed recovery from depression observed 
elvetrophysiologically (Fig. 2F); nevertheless, 
robust dynamin T-independent vesicle fore 
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Fig. 2. Synaptic transmission in primary cultures of dynamin 1~KO cortical neurons. Cumulative 
probability histograms of peak mEPSC (A) and mIPSC (B) amplitudes from WT (black lines) and KO 
cultures (red tines). The mean mEPSC amplitude was increased from 17.0 + 1.8 pA in WT neurons to 
24.8 + 2.5 pA in the dynamin 1-KO neurons (t test, P = 0.011, n = 2495 and 2435 respectively). A 
similar increase in amplitude was observed for mIPSCs (mean for WT = 17.3 + 0.8 pA, n = 2369 
versus 22.2 + 1.0 pA, n= 2731, t test, P = 0.0006). (C) Modest reduction in single evoked (2-ms 
depolarization to +30 mV) EPSC amplitudes [WT n = 45, KO n = 40, P = 0.0967 (t test] and 
significant reduction in single IPSC amplitudes in KO neuron pairs ["P < 0.001 (t test, n = 39, 38 for 
WT, KO)]. (D) Examples of evoked IPSCs for WT and KO respectively. Shown are the 1st, 3rd, and 7th 
IPSC responses to stimulation at 10 Hz. Presynaptic stimulation is indicated as membrane voltage 
(gray dotted lines). (E) IPSC depression curves for control (black) and KO (red) during a sustained 
10-He stimulation. Averaged data points represent 16 (contro) and 7 (KO) cell pairs, binned into 
nonoverlapping groups of 10 responses. (F) Slower recovery of IPSCs from depression induced by 
1000 action potentials at 10 Hz (shown in E) as assessed by 0.1-Hz stimulation. Averages represent 
tunbinned data from 12 control and 6 KO cell pairs. The recovery (mean of the last five points) was 
markedly slower in the KO (t test, P = 0.0024). 
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ration was observed in some KO. synapses 
(Fig. 4), 

Frequency-dependent endocytic blockade. 
further quantitative and tempo zht 
into the synaptic vesicle recycling defect, we 
performed dynamic imaging assays of exo- and 
endocytosis. Cultured cortical neurons. were 
nsfected with synapto-pllluorin, «chimeric 
€ vesicke prote 
he acidic environment within the lumen 
‘of a synaptic vesicle and hig 
‘exposes ito the cell surface (2/), In WT neurons, 
the peak synapto-pllluorin Muorescence in re 
sponse toa given number of action potentials was 
lower for a 10 stimulation than for a 30-1 
stimulation, presumably because the ability of 
endocytosis to keep up with ongoing exocytosis 
was impaired with an inerease of the 
frequenicy to 30 Hz (22) ig. SS, see also Fig. SE) 
In contrast in dynamin 1- KO neurons the extent 
of accumulation was almost identical followin 
both stimulation conditions (fig. 88), which 
suggested that endocytic capacity was already 
1 by stimulation at 10 Hz. Note, however, 
recovery kinetics aller the end of the 
us train were similar in WT-ankd KO synapse 
es (Hig. SS) 

This result was confirmed by a diflerent 
‘experimental protocol involving. both synapto- 
pliluorin and the H’-ATPase (adenosine triphos 
phatase) inhibitor ba 
synaptic vesicle reseidification, thus quenching 
the pllluorin signal afler endocytosis (23), At 
WT but not at KO synapses, the increase in 
{uoreseence produced by 300 action potentials 
delivered at 10 112 was higher in the presence of 
batilomycin, the “endocytosis-blind” condition 
(Fig. 5, A and C). Acid-quench experiments 
excluded the possibility that this difference 
Was duc to a defect in acidification (Fig. SB), 
Simihty, this diterence coukd not be attributed 
to differences in exoe 


whose fluorescence Is 


when exocytosis 


osis rates during stimula 
tion (Fig. $C), As observed above (fig. SX), when 
the stimulus was removed, fhuorescence dectined 
in both sets of synapses at remarkably similar 
cs. Nonetheless, as 33% of the membrane that 
hhad-undergone exocytosis had already. been 
recovered by endocytosis during the stimulus, 
y to prestimulus levels was faster in the 
ipses (Fig. SC), Sin ts were 
obtained using synaptotagmin-pHluorin (24) 
as the reporter of synaptic vesicle reeyel 


(Fig. SD), The endocytic blockade during stimu- 
lation was fully rescued if dynamin 1 was eo 


nsfected into the KO neurons along with 
jo-pliluorin (Fig. SD). When cotransfected 
under the same conditions, ie, conditions tha 
result in overexpression, dynamin 3 produced an 
efficient rescue but dynamin 2, only a partial 
rescue (Fig. SD). This result demonstrates that all 
three dynamin isotoemts ean participate in synap- 
tie vesicle endocytosis, but aso reveals a greater 
functional similarity between dynamin I and 3. It 
further suggests that dynamin 1- independent 
wediated by dynamin 2 andio 
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consistent with the complete block of synaptic 
vesicle endocytosis by pharmacological in 
bition of dynamin that is not isoform-spe 
(12,25) 

The endocytic defect in KO synapses during 
stimulation (as quantified by calculation of the 
cendocytic‘exoeytic ratio}, did not reach statistical 
ificance following 300 action potentials at 
lower stimulation frequencies [2-Hz and S-Hz 


"ys 


Cy 


stimulation (Fig. SE)), and it was less severe 
during stimulation at 10 Hz when extracellular 
[Ca*"] was decreased 10 0.75 mM (Fig. SF). 
Under these conditions, the size of the exocytic 
responses and the accumulation of presynaptic 
[Ca?*] are both expected to be attenuated, 
Comvensly, at a higher stimulation frequency 
(20 Hz), the endocytic‘exoeytic ratio was dra- 
matically decreased also in WT synapses, as 


ig- 3. Ultrastructural defects in dynamin 1-KO synapses of cultured neurons. (A) WT synapse. (B 


‘and C) KO synapses revealing an abundance of clathrin-coated profiles (arrows hightight stalks 
‘connecting clathrin-coated buds), an increase in the average synaptic vesicle size, and the presence 
(© of several abnormally large vesicles. (0) A KO synapse with a massive accumulation of 
interconnected clathrin-coated buds (arrowheads) and only a small cluster (arrow) of heteroge- 
neously sized synaptic vesicles. An asterisk indicates an evagination of an adjacent cell into thisnerve 
terminal. (Inset) A plasma membrane connected network of clathrin-coated pits observed in a serial 
section from this same synapse (-200 nm away). (E) Accessibility of clathrin-coated profiles 
(arrowheads) in KO neurons to cholera toxin-HRP (10 ygiml for 5 min on ice) supports their 
‘connection to the plasma membrane (the arrow indicates the location of the synaptic vesicle cluster 
\within this synapse). (F) Partial reconstruction of a dynamin 1-KO synapse from electron tomography 
data shows three branched tubular networks (pale green, blue, and yellow) capped by clathrin-coated 
pits (white arrows) that are connected to the plasma membrane (green) in close proximity to two 
synaptic vesicle clusters (SVs, blue). (G) Quantification of synaptic vesicle external diameter (black, 
WT; red, KO; 10-nm bins). Vesicies exceeding 80 nm in diameter were 5.4 times as abundant in KO as 
in WT synapses (87 vesicles in KO versus 16 vesicles in WT) but were excluded from the analysis 
presented in (G) as their identification as synaptic vesicles remained questionable. (H) Histogram of 
clathrin-coated profile (CCP) counts from 75 WT and 87 KO synapses. WT = 0.2 + 0.05, KO = 4.7 + 
0.89 CCPsisynapse (means + SEM, P < 0.0001, t test). Data derived from three independent 
experiments. Horizontal black line is the mean. Scale bars, 200 nm. 
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expected (22, 24) (Fig. SE), Thus, the absence of 
dynamin | lowers the threshold of activity at 
Which synaptic vesicle endocytosis becomes 
tunable to compensate for exocytosis, 
Discussion. Surprisingly, dynamin 1, the ner 
specific dynamin, and by far the 
major dynamin in neurons, is largely dispensable 
for the bi of 
synaptic vesicles, Dynamin 1 only becomes es 


A 


sential when an intense stimulus imposes a heavy 
load on endocytosis and only as Jon 
stimulus persists. The importance of dynamin 
1 under these conditions is likely to be related to 
fits abundance but also, at Keast in part, 10 its 
unique properties. Endocytosis occurs efficiently 
in both WT and KO synapses immediately after 
removal of the stimulus, when the endocytic load 
is still maximal, Thus, dynan 


as the 


Fig. 4. Activity-dependent synaptic vesicle recycling defects in dynamin 1-KO synapses. (A) 
Immunafluorescence for clathrin light chain and dynamin 3 reveals a predominantly diffuse 
distribution in cultured WT neurons, but a punctate and overlapping distribution in KO neurons 
(Gee also fig, $4), Treatment with TTX (1 uM, 16 to 24 hours) caused clathrin and dynamin 3 in the 
KO neurons to redistribute to a diffuse localization resembling the localization of these proteins in 
untreated WT neurons (scale bar, 10 ym). (B) Morphometric analysis of EM images demonstrating 
that the accumulation of clathrin-coated profiles in KO synapses was reversed following TTX 
treatment (1 jM, 16 to 24 hours). (C to 1) EM analysis of synapses from cortical cultures of WT and 
KO brains incubated with the extracellular tracer HRP (10 mg/m in control Tyrode's buffer (90 s), 
following a 90-s stimulation with 90 mM KCI and then a further 10-min recovery period in Tyrode's 
butfer. (O) Quantification of changes in total synaptic vesicle number and in the number of vesicles 
positive for the extracellular tracer HRP. (D to I) Representative examples of HRP uptake by WT and 
KO synapses under the conditions described above. At rest. HRP-labeled clathrin-coated buds 
emerging from the labeled plasma membrane invagination are visible in the KO synapse (G) 
Following stimulation, the WT nerve terminal (E) contains labeled and unlabeled vesicles, whereas 
in the KO synapse (H) synaptic vesicles are nearly depleted (long arrow) and labeled clathrin- 
coated buds (short arrows) are visible. After recovery, synaptic vesicles, including labeled vesicles, 


are present in both genotypes (F and I). itis expected that, at 


‘concentration, only a fraction of 


the endocytic vesicles should take up HRP. EM scale bar, 200 nm. 
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specific function within stimulated. synapses. 
Siro ange in the state 
of phosphorylation of a ¥ mi 


simulation produce: 


y of nerve 
nal proteins (26). Several proteins implicated 
in endocytosis, includin nin 1. undergo 
Ge dependent dephosphorylation by 
neurin, and this process, which is rapidly re- 
versed upon cessation of the: 
tt at 10 endocytic sites (26), Given 
the ability of dynamin 3, when overexpressed, 
to efficiently rescue the dynamin 1-KO pheno- 
type, it is noteworthy that dynamin 1 and 3 


dyn: 


recruit 


share conserved phosphorylation sites on key 
residues controlling. protein-protein 
tions (27, 28), Furthermore, the coclistering of 


dynamin 3 with clathrin in nerve termin 
favors the hypothesis that dynamin 3 has ov 
lapping functions with dynamin 1, but is in. 


sufficient 10 support endocytosis at high levels 


al changes observed in 
nerve terminals of KO synapses under conditions 


‘of basal network activity are consistent with 


fission, The slightly larger 


fe heterogeneous size of sy 


aptic vesicles 
es the possibility that actions of dynamin | at 
the five edge of the clathrin coat of budding 
Vesicles may help to control thei The 
fidelity of this process may be disrupted when 
the overall dynamin content ofthe nerve terminal 
is drastically reduced. Indirect eflects. arising 
fiom the lack of dynamin 1 should also be con- 


sidered because increases in synaptic vesicle size 


and size heterogeneity have been observed in 
curons with other mutations that cause endocy. 
tosis defects (29, 30) 

The Jing momphological chan, 
presence of deeply invaginated clatrin-coated 
endocytic pits, generally located at the tip of 
branched narrow tubules that are likely gen 
crated by the numerous clathrin accessory fie 
tors with membrane tubulating properties (37), 
This is in contrast to the collared but uncoated pits 
of the Drosophila Shibire mutant (a temper 

pscs alter stimu 
(32), Although 


semsitive dynamin. on 


eccurrence of 80 major pathways. of synaptic 


vesicle recycling kissand-run yersus clathrin- 
mediated endocytosis is ongoing (6, 7, 
cur results strongly support an imps 
clathrin-meatiated endocyosis 

The selective requirement for dynamin 1 in 
simul synaptic vesicle reform 
tion is in contrast with the powerful complete 
block of several foms of endocytosis produced 
fF mutant fe 
n a variety of cell types 
dominant-negative effects 
merization of mutant 
min(s), lead 
10 impairment of actions that require the 
on of subunits within a poly- 
 dy- 


ion-depende 


ms of either dy 


by expres 
namin | or dyna 
(813, 15, 10). The 
may reflect hetero-ol 


dynamins with endogenous dyn 


coordinated func 
meric complex. Overexpressed muti 
namins could 


\dditionally sequester critical 
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Fig. 5. Frequency dependent impairment of synaptic vesicle endocytosis in dynamin 1-KO neurons 
(A) Representative traces from WT (left panel) and KO (right panel) synapto-pHiuorin expressing 
neurons stimulated in the presence (blue circles) or absence (black squares) of bafilomycin (Baf). A 
10-Hz field stimulation began at t = 0 and ended after 30 s (300 action potentials, no Baf) or 905, 
(900 action potentials, Bal). (B) Brief application of extracellular, membrane impermeant acid 
rapidly quenches all surface synapto-pHluorin in the prestimulus period (KO neuron). Following a 
30-s stimulus (end marked by arrow), the fluorescence is quenched to the same level as the 
prestimulus period. The average degree of quenching poststimulus was 94.0 + 1.4% in WI (n= 5) 
and 94.6 + 1.0% in KO (n = 8). (C) The pooled average kinetics of exocytosis (exo = Faas) from 
WT (blue) and KO (green) neurons after 900 action potentials (10 Hz in presence of bafilomycin) 
and the pooled average kinetics of endocytosis (endo = AFnat — MFno sai) from WT (red) and KO 
(cyan) neurons after 300 action potentials at 10 Hz (stimulus ends at first arrow). The dashed line 
indicates the extent of exocytosis at the 30-5 time point where endocytosis to exocytosis ratios 
(endo/exo) are calculated. Error bars are shown at two time points on the endocytosis curves (n = 9 
for both WT and KO). (D) The average endovexo ratio after 300 action potentials at 10 Hz as 
determined by using either synapto-pHluorin (spH) or synaptotagmin2 (syt1)-pHluorin (gray bars). 
Rescue refers to dynamin 1-KO cells that were cotransfected with synapto-pHluorin and dynamin 
1, dynamin 2, or dynamin 3, (E) Endolexo ratios following 300 action potentials at different 
frequencies. (F) Mean Endo/exo ratios after 300 action potentials (10 Hz) in 0.75 mM [Ca*"]. The 
umbers shown in parentheses in (D, €, and F) represent the number of independent experiments 
and error bars in this figure show + SEM. 


binding partners in nonfunctional protein com- 
plexes. In conclusion, dynamin 1, one of the 
most abundant synaptic proteins, is specifically 
dedicated to control plastic adaptation of the 
recycling machinery to high 
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rodents, whereas BMHC is the predominant iso- 
form in adult human hears and becomes even 
‘more abundant during canliae disease when 
OMHC is down-aegulated (6-9). Because even 
rndatively subvle variations in the ratio of aMHIC 
and BMIIC can profoundly influenae eae fue 
‘on there hasbeen great interest in deciphering the 
rmschanims that coordinate aMHC and MHC 
expression and in strategies 10 therapeutically 
‘manipulate cardiac MHC expression (10). 
MictoRNAs (miRNAs) are smal, non-protein 
coding RNAs that hase pair with specific mRNAs 
and inhibit translation or promote mRNA. degra 
dation (1D). MiRNAS arise fiom primary tra 
scripts of variable sizes dhat are processed into 
70- to 100-nucleotide haimpin-shaped precursors, 
which are processed into mature miRNAS of 


Control of Stress-Dependent 
Cardiac Growth and Gene 
Expression by a MicroRNA 


iardson,* 


Eva van Rooij,” Lillian B. Sutherland,? Xiaoxia Qi, James A. 
Joseph Hill? Eric N. Olson?* 


The heart responds to diverse forms of stress by hypertrophic growth accompanied by fibrosis 
and eventual diminution of contractility, which results from down-regulation of «myosin heavy 
chain (aMHO) and up-regulation of {iMHC, the primary contractile proteins of the heart, 

‘We found that a cardiac-specific microRNA (miR-208) encoded by an intron of the «aMtHC gene is 
required for cardiomyocyte hypertrophy, fibrosis, and expression of [IHC in response to stress and 
hypothyroidism. Thus, the «MHC gene, in addition to encoding a major cardiac contractile 
protein, regulates cardiac growth and gene expression in response to stress and hormonal 
signaling through miR-208. 


andiae contractility depends on the expres- 
sion of two MHC genes, cc and fi which 


ane regulated in an antithetical mannex by 


‘oeparment of Molecular Biology, Univesity of Teras 
Southwestem Medial Center, Dallas, TX 75390-9148, 
USA. ‘Deparment of Pathology, Unversity of Texas 
Southwestem Medial Center, Dallas, 1X 75390-9148, 
USA. "Department of Internal Medicine, University of Texas 
Southwestem Medical Center, 6000 Harry Mines Boulevard, 


@ fast ATPase. is up-regulated postnatally (/), 
Thyroad hormone (T3) signaling stimulates a. MHC 
and inhibits BVH transcription after bin (2) In 
‘contrast, hypethyroidism and various forms of car- 


die stress increase MHC expression wi 


‘ONS Dallas, TK 75390-9148, USA. 


tiposphatase (ATPase okies) ipeudinectaceic rabeemos D5. “shan ceca coc aisles Fisk 
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Fig. 1. Expression of miR-208 and coregulation with «MHC. (A) MiR-208 is 
encoded by intron 27 of the wMHC gene. Asterisks indicate sequence 
conservation. (B) Detection of mi-208 transcripts by Norther analysis of 
adult mouse tissues. U6 mRNA serves as a loading control. (C) Rats were 
treated with PTU or PTU + 13, as indicated, for a week, and the expression of 
rmiR-208 was detected by Northern blot. Hearts from four animals under each 
condition were analyzed. (D) Transcripts for «MC and (MHC and miR-208 
‘were quantified by real-time polymerase chain reaction (PCR) analysis at the 
indicated times after treatment with PTU. Expression ofthe miR-208 pre-miRNA 
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parallels that of culfHC gene expression, whereas the mature miR-208 con- 
tinues to be expressed even after the disappearance of MIC mRNA. Values 
represent mean = SEM of hearts of four animals at each time point. (E) 
Transcripts for «MHC and miR-208 were detected by Norther blot of cardiac 
tissue from six normal individuals and six individuals with idiopathic 
‘cardiomyopathy. Indicated MHC levels were relative to average expression 
level in normal hearts. There is a close correlation between the level of 
expression of «MHC and pre-miR-208, whereas mature miR-208 expression 
is maintained after the latter RNAs have been down-regulated. 
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18 to 25 nucleotides, MRNAS that base pair 
perfectly with targct mRNA sequences result 
in MRNA degradation, whereas those that dis- 
play imperfect sequence complementarity with 
larget mRNAs generally result in translational 
inhibition (/2), Overexpression experiments 
have implicated miRNAs in diverse cellular 
processes (13-19), but to date, there have been 
no reports of the consequences of deletion of 
miRNA genes in vertebrate onzanisms, Recently. 
we identified a signature pattem of miRNAs 
associated with pathological cardiac growth and 
remodeling (19) Here, we describe miR-208 as 
‘an essential candiae-specific regulator of BMHC 
expression and-mediator of stress and T3 
signaling in the heart 

Regulation of miR-208 expression. MiR-208 
is encoded by intron 27 of the human and mouse 
AaMHC gene. The sequences of miR-208 found in 
humans, mice, rats, and dogs are identical and 
the premmiRNA is highly conserved in mammals 
(Fig. 1A), Consistent with the specific expres- 
sion of MEIC in the heart and the pulmonary 
myocardium (20), miR-208 is expressed specif 
ically in the heart and at trace Fevels in the tung 
(Fig. 1B), Blockade of T3- biosynthesis. with 
Propykhiouracil (PTU) represses MHC and 
induces MHC expression (22), Aller rats were 
treated with PTU for one week, the expression 
of aMHC mRNA declined in parallel with the 
level of the miR-208 stem loop, whereas mature 
miR-208 showed little or no change in expres 
sion. T3 teatment blocked the efleets of PTU 
‘on expression of aMHC mRNA and pre: miR- 
208 (Fig. 1C and fig. SUA) 

A time course of PTU treatment showed that 
MHC and pre miR-208 expression decreased 
and BMH inereased during the first 9 days of 
PTU treament (Fig. 1D and fig. St, B and ©, 
Expression of pre- miRNA-208 paralleled ea\/HC 
mRNA expression, whereas even after 21 days 
‘of PTU treatment, long afer aC mRNA expres: 
sion had ceased, 30%» of the mature miR-208 
romained (Fig. 1D and fig. St, B and C). We 
infer from the coregulation of pre- miR-208 and 
the @MAC transeript that miR-208 is processed 
from the «MHC intron rather than being tran- 
seribed as a separate RNA. The sustained ex- 
pression of miR-208 after the pre-miRNA and 
MHC transcripts are down-regulated by PTU 
ugests that itis extremely stable, with a hall 
of 12 days, 

Although aViHC mRNA. constitutes. only 
about 30% of total MHC mRNA. expressed in 
normal adult human heart (8), miR-208 expres 
sion was readily detectable in human care ts 
sue (Fig. 1E). Consistent with its relatively long 
hallife, miR-208 was also detectable in idio- 
pathic failing human hearts in which aMHC 
levels were diminished relative to normal hearts. 

Generation of miR-208 mutant mice. We 
deleted the miR-208 coding region by introduc 
ing losP sites for Cre-mediated recombination at 
both ends of an 83-fse pair (bp) region of 
intron 27 of the mouse «MHC gene, which en- 
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codes the complete pre-miRNA sequence of 
miR-208 (Fig. 2A and fig. S2A). Breeding of 
miR-208""* mice to mice bearing a ubigui- 
tously expressed Cre recombinase transgene 1e- 
sulted in deletion of the miR-208 genomic 
sequence and the complete absence of miR208 
homazygouss mutant animals (Fig. 2B and fig 
S2B). Disruption of the aMHC gene causes 
cearly embryonic lethality (22), Thus, it was im- 
Portant that the miR-208 targeting strateey not 
ater aMHC transcription or splicing. Deletion of 
miR-208 did not interfere with aMHC mRNA 
splicing or alter the expression of aMHC or 
BMC proteins in hears of newhom mice (Fig, 
2€ and fig. S2, C and D). A Western blot using 
‘an antibody against all striated myosin indicated 
no visible differences between wikhtype and 
miR-208 mutant animals (tig. S3A). 

Mice homezygous for the miR-208 deletion 
Were viable and did not display obvious albnor- 
malities in ize, shape, or structure of the heart up 
10 20 weeks of age. Analysis of cardiac function 
by echocardiography showed a slight reduction 

contractility, measured by factional shorten- 
in miR-208" animals compared with the 
f wik-type litteanates at 2 months 
S which was attributable primarily to. an 
increase in lft ventricular diameter during systole 
(fig. S3B). At advanced age (>6 months) canine 
function declined further in mutant animals as a 
result of abnormalities in sarcomere structure. 


Fig. 2. Generation of 
miR-208 mutant mice. 
(A) Strategy to generate 
rmiR-208 mutant mice by 
homologous recombina- 
tion, The pre-miRNA se 
quence was replaced with 
a neomycin resistance 


the mouse germ line by 
breeding heterozygous 
mice to transgenic mice 
harboring the CAG-Ge 
transgene. DTA diphthe- 
ria toxin A. (B) Detection 
‘of miR-208 transcripts by 
Northern analysis of hearts 
from wid+ype (WN and 
miR-208 mutant (KO) 
mice. (© Western analysis 
cof MHC and (MHC pro- 
tein levels in hearts of 
neonatal mice of the ind 
‘ated genotypes Two mice 
‘of each genotype wese ant 
alyeed. Giyeraldehyde3- 
phosphate dehydrogenase 
(GAPDH) was detected as 
@ loading control. 


Microarray analysis on heans from wikltype 
and miR-208 animals at 2 months of 3 
vealed that the removal of miR-208 resulted in 
pronounced expression of fist skeletal muscle 
contractile protein genes, including those encod- 
ing Troponin 12, Troponin T3, and myosin ight 
chain-alkali, which are nomally not expressed 
fn the hear. Transcripts encoding the natriuretic 
peptides sirial natriuretic factor (ANF) and betype 
natriurctic peptide (BNP), and heat shoek protcins, 
which serve as markers of cardiac stress, were 
also up-regulated in the hearts of miR-2087 
animals (fig. $3, C and D, and table $1), None 
of the up-regulited transcripts contained pre- 
dicted tanget sequences for miR-208, suggesting 
that they are regulated indirectly by miR-208, 
MiR-208 regulates [MHC expression and 
cardiac remodeling, To further investigate the 
potential functions of miR-208, we compared the 
of wik-type anc miR-208 mutant mic 
to thoracie aortic banding (TAB), which ind 
canine hypertrophy by inereased afterload on the 
heart and is accompanied by down-regulation of 
MHC and up-regulation of BMHC (23). aMHC 
mRNA expression declined as expected afler TAB 
(fig. SHA), but miR-208 was still abundantly 
expressed 21 days after TAB (fig. S4B), consistent 
‘with its relatively tong hal 
In response to TAB, wild-type mice showed 
pronounced inerease in cardiac mass accom 
thiod by hypertiophic growth of cardiomyocytes 
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Fig. 3. MiR-208-* mice show reduced cardiac hypertrophy in response 
to pressure overload, (A) Histological sections of hearts of wild-type 
(KO) mice stained for Masson trichrome. The 
absence of miR-208 diminishes hypertrophy and fibrosis seen in wild- 
type mice subjected to TAB for 21 days. Scale bars, 2 mm (top); 20 jum 
(bottom), (B) Transcripts for {IMHC, ANF, and BNP were detected by 
real-time PCR in hearts from wild-type and miR-208~" mice after sham 
or TAB surgery, Values are expressed as fold increase in expression (+SEM) 
compared with that of wild-type mice (a = 3) that underwent sham 
operations. (C) Western analysis of MHC and jiMHC protein levels in adult 


(WT) and mik-208 
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wildtype and mi-208 mutant mice 21 days after sham and TAB surgery. 

(D) Histological sections of hearts of 6-week-old mice expressing a calcineurin transgene (CnA-Tg) and hearts of miR-208; CnA-Tg mice stained for Masson 
trichrome, The absence of miR-208 diminishes hypertrophy and fibrosis seen in CnAcTg mice. Scale bars, 2 mm (top); 20 jum (bottom). (E) Transcripts for 
BMH, ANF, and BNP were detected by real-time PCR in hearts from the indicated genotype. Values are expressed as fold increase in expression (+SEM) 
compared with that of wild-type mice (n = 3). (F) Western analysis of MHC and [MHC protein levels in adult wild-type and miR-208 mutant mice with and 
‘without the presence of the CnA transgene. (G) Western analysis of MHC and fAAHC protein levels in adult wild-type and miR-208 transgenic animals. 


and ventricular fibrosis (Fig, 3A), tn contrast, 
MmiR-208 mutant animals showed vitally no 
hypertrophy of cardiomyocytes oF fibrosis in 


response to TAB (Fig. 3A). Echocardiography 
confirmed that miR-208 
blunted hypertrophic response 
in contractility (fig. SAC), Most 
animals were unable to up-re 
stead, (MHC protein expressi 
miR-208 mutant hearts in response 


otably, mutant 
BMC. In- 
increased in 
TAB, 
Which may reflect a compensatory mechanism 
to maintain MHC expression in the absence of 


BMIC up-regulation. Other stress-responsive 
genes, such as those encoding the natriuretic 
Peptides ANF and BNP, were strongly induced 
in miR-208 mutant animals (Fig. 3, B and C), 
Microarray analysis on hearts from will-type 
and miR-208"~ animals confined that the ab- 
sence of miR-208 resulted in a highly specitic 
block to BMHC expression (table S2). 

MiR-208 mice were alo resistant to fibro 
ind cardiomyocyte hypertrophy in response 
pression of activated caleineurin 
n especially powerful stimulus for car 
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Fig. 4. Regulation of thyroid hormone responsiveness of the {MHC gene by miR-208. (A) Western 
analysis of aMHC and {MHC expression in wild-type (WT) and miR-208 mutant (KO) mice at baseline 
and 2 weeks after PTU treatment. (B) Transcripts for aMHC and jiMHC were detected by real-time PCR in 
hearts from wild-type and miR-208~- mice after PTU treatment. Values are expressed as fold increase in 
‘expression (+SEM) compared with that of wild-type mice that received regular chow (n = 3). 


diac hypertrophy and heart filure (24). Sim- 
ilarly, BMC mRNA and protein failed to be 
up-regulated in hearts of miR-208* calcineurin 
transgene mice at 6 weeks of age, whereas ANF 
and BNP were strongly induced (Fig. 3, E and 
F). Thus, miR-208 is novessary for up-regulation 
of BMHC and cellular remodeling, but not for 
expression of other markers of cardiac stress. 


Totest whether miR-208 was suflicient for up- 
regulation of BMHC expression, we generated 
enic mice that overexpressed miR-208 
under contol of the «MHC promoter. aMHC 
‘miR-208 transgenic mive were viable, and their 
smiR-208 expression was about three times as high 
ss that of wiklype hears (fig, S4D), Heats from 
ne representing the average over 
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‘expression of the transgene showed no overt signs 
‘of pathological remodeling at 2 months of age but, 
notably, displayed a marked up-regulation of 
BHC expression (Fig. 3G and fi 


14, which is 
‘cardiac hypertrophy (/9), but hat 
no effect on MHC expression. Because the 
108 in the adult mouse 
up-regulate BMHC ex- 
pression, the finding that a threefold increase in 
miR-208 expression in these trans 
‘sults in up-regulation of BMC expression sug 
gests that there isa sharp threshold for the control 
‘of BMHC expression by this microRNA. 
MiR-208 regulates T3-dependent repression 
of MHC. T3 signaling induces aMHC transerip- 
tion through a positive T3 response clement 
(TRE), Whereas a negative TRE in the promoter 
of the BMHC gene mediates transcriptional re- 
pression (25), To test whether miR-208 was re- 
quired for T3-dependent regulation of BMHC 
we fed mutant and wild-type littermates PTU- 
chow for 2 weeks to block 3 signal- 


tivatment (lig, SSA), PTU, as expected, induced 
a decline in heart J contractility and an 
incre 
between wikltype and mutant 
Howeve wikl-type ar 
the expected decrease in uMHC and it 
BMHC in response to PTU, the 
mals as 
‘of VHC, ahh 


ha trace of BMHC expres- 
sion was detectable (Fig. 4). ANF and BNP 
Were upregulated by PTU in miR-208"~ ani 
mals, confirming the specific role of miR-208 in 
BMHC expression (Hig. SSC). Because PTU in 
duces the aMHC-to-BMAC isoform switch by 
interfering solely with thyroid honnone receptor 
(TR) signaling (27), these findings suggest that 
imiR-208 potentiates BHC expression through 
a1 mechanism involving the TR. 

MiR-208 targets TR-Associated Protein 1. 
Among the relatively few predicted targets of 
1miR-208, the mRNA encoding thyroid hormone 
receptor Associated Protein | (THRAPI), also 
known as TRAP240, scored as the sto 
predicted target with the PieTar ta 
program (26) 
TReaissociated TRAP comple 


-prediction 
THRAPI, a component of the 


noxtulates activ= 


fay of the TR by recruitment of RNA polymer 
ase Il and initiation factors (27). The 
Putative miR-208 binding site in the 3° untrans- 


lated region (UTR) of the THRAPT mRNA 
showed high complementarity with the 3* ann 
‘of miR-208, the most critical determinant of 
miRNA targeting, as well as evolutionary con 
servation (Fig. 5A), Based on the imperfect com- 
plenentarity of miR-208 and THRAPI ¥-UTR 
sequence, miR-208 would be expected to inhibit 
translation of THRAPL. 

To test whether the putative miR-208 target 
sequence in the THRAP? 3’ UTR could mediate 
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‘ranstational repression, we inserted the full length 
3° UTR of the THRAPI transcript into a lucif 
erase expression plasmid. which we transfected 
COSI cells. Incwasing amounts of CMV 
driven miR-208 resulted in a dose-dependent 
decrease in luciferase activity, whereas compa- 
rable amounts of miR-126, which served as a 
control, had no effect (Fig. SB). CMV-miR-208, 
also dose-dependently abrogated translation of a 
hemagglutinin (HA)-tagged malonyl coenzyme 
A. decarboxylase (MCD) expressio 
linko to the THRAPI 3-UTR bi 
but not a 


asset 


sequence, 


tant miR-20S target sequence (Fig 
3C). In addition, THRAPI protcin expression 


was increased in cardiac protein lysates from 


Fig. 5. MiR-208 targets THRAPL. (A) Sequence alignment of putative miR-208 binding sit 


smiR-208"* mice compared with that in wikltype 
Timermates (Fig. 3D), whereas THRAP] mRNA 
was comparable in hearts of the two genotypes 
(fig, $6), consistent with the conclusion that 
smiR-208 acts as a negative regulator of THRAPL 
translation in vive. Under situations of stress, the 
ive influence of miR-208 on THRAP! pro- 
tein expression may be even greater, in fs 
ing that stress aun 
pressive actions of miRNAS by promotin 
association of miRNAs with Argonaute (2! 
Discussion. Our results demonstrate that 
-208, which is encoded by an intron of the 
aMHC regulates stress-dependent cardio 
myocyte growth and gene expression, In the 


nts Fe 


Sarena a © ee 


in 3' UTR of 


THRAPL shows a high level of complementarity and sequence conservation. (B) COS1 cells were 
transfected with a THRAPI 3-UTR luciferase construct, along with expression plasmids for miR-126 and 
imiR-208. Values are fold change in luciferase expression (+SD) compared with the reporter alone. (C) 
‘COSI cells were transfected with either HA-MICD-wild-type (WT) UTR or HA-MCD-mutated UTR along with 
increasing dosages of pCMV-miR-208 ranging from 0.1 to 2 jig. HA levels were detected using 
immunoblot. (D) THRAPL Western blot using a THRAPI specific antibody on THRAPI-immunoprecipitated 
«cardiac cell lysates using 400 jg of protein from either wild-type or miR-208~* (KO) animals. 


Fig. 6. A model for the role of 
rmiR-208 in cardiac gene regulation. 
The oMHC gene encodes miR-208, 
which negatively regulates expres- 
sion of THRAPI and skeletal muscle 
genes (and probably additional 
targets). The aMHC and (sMHC 
‘genes are linked and miR-208 is 
required for up-regulation of (aMHC 
in response to stress signaling and 
blockade to T3 signaling by PTU. 
‘GMHC and (SMHC promote fast and 
slow contactlty, respectively. 
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absence of miR-208, the expression of BMHC is 
severely blunted in the adult heart i response to 
pressure overload, activated calcineurin, ar hypo 
Uyroidism, suggesting that the pathways through 
Which these stimuli induce BVH transcription 
share a common miR-208: sensitive component 
(Fi 6), In contrast, BHC expression was un 
alterad in the hearts of newbom miR-208 mice, 
demonstrating that miR-208 panicipates speci 
cally in the mechanism for stressdepender 
regulation of BMHC expression 

‘A-elus to the mechanism of action of wiR-208 
‘comes fom the nsemblance of miR-208™ hearts 
to hyperthyroid hearts, both of which display a 
block to BMHC expression, up-egulation of 
stresseresponse enes (29, 30), and protection 
against pathological hypertrophy and. fibrosis 


(G/, 32), The up-regulation of fist skeletal mus 
cele genes in miR-208" hearts also mimics the 
induction of fast skeletal muscle fibers in the 


hyperthyroid state (33), T3 signaling represses 
BMC expression inthe postnatal heart, and 


PTU, which causes hypothyroidism, induces 
BMHC (2, 21). The inability of PTU to induce 
hheans further 
ling pathway. 


BMHC expression in. miR-208 
nplicates miR-208 in the T3 si 
(Our results suguest that miR- 

in part, by repressing expression of the TR 
coregulator THRAPL, which can exert positive 
and negative effects on transcription (34, 35). The 
TR acts through a negative TRE to repress BHC 
‘expression in the adult heart (2). Thus. the increase 
in THRAP! expression in the absence of miR-208 
Would be predicted to enhance the repressive 
activity of the TR toward BUHC expression, 
‘consistent with the blockade to MHC expression 
in miR-208™ hears. In contrast, the regulation of 
MHC and MHC expression during develop 
ment is independent of TT signaling (2) and is 
unaffected by miR-208, Notably, other TR target 
nes, such as phospholamban axl sarcofendo) 
plasmic reticulum calcium ATPase 2a avd ghee 


cose transporter 4 were expressed normally in 
miR-208"~ mice (fiz. $7). It as been proposed 
that the BHC gene may respond to specific TR 
isoforms (36-38). Perhaps THRAPI acts on 
specific TR isoforms or selectively on a subset 
of TR-dependent genes through interactions 
With promoter-specific factors. Because miRNAS 
generally act through multiple downstream tar- 
its to exert their effects, additional targets are 
also likely to contribute to the effects of miR-208 
‘on cantiac growth and gene expression. 

Relatively minor inereases in BMHC com- 
Position, as oocur during cantise hypertrophy and 
heant failure, can reduce myofibrillar ATPase 
activity and systolic function (9). Thus, ther 
peutic manipulation of miR-208 expression or 
interaction with its mRNA targets could poten- 
tially enkance cardiac function by suppressing 
BMIIC expression. Based on the profane in- 
uence of miR-208 on the canine stress response, 
and the regulation of numerous miRNAs in the 
diseased heart (/9), we anticipate that miRNAs 
Will prove to be key regulators of the functions 
and responses to disease of the adult heart and 
paesibly other organs. 
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Environment-Induced Sudden 
Death of Entanglement 


mM. 
P. H. Souto Ribeiro, L. Davidovich" 


Almeida, F. de Melo, M. Hor-Meyll, A. Salles, S. 


Walborn, 


‘We demonstrate the difference between local, single-particle dynamics and global dynamics of 
entangled quantum systems coupled to independent environments. Using an all-optical 
‘experimental setup, we showed that, even when the environment-induced decay of each system is 
asymptotic, quantum entanglement may suddenly disappear. This “sudden death” constitutes yet 
another distinct and counterintuitive trait of entanglement. 


we wakworld success of quantum com- 

| pplation (7, 2) and communication (3-9) 
es on the longevity of entanglement 

quantum states. The presence of 


yaww.sciencemag.orq 


decoherence (/0) in communication channels 
and computing deviess, which stems from the 
unavoidable interaction between these systems 
and the environment, degrades the entan 


‘when the particles propagate or the computation 
evolves. Decoherence leads 10 local dh 
associated with single-particle dissipation, d 
sion, and decay, as well as to global dynamics 
Which may provoke the disippearance of en- 
tanglement at finite time (1-15), This phe- 
nomenon, known as “entanglement sudden 


work (//-15). Here we demonstrate the sudde 
death of entangleme two-qubit system 
under the influence of independent environ 
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ments. Our all-optical setup allows for the eon 
‘rolled investigation of a variety of dynamical 
maps that describe fundamental processes in 
‘quaritum mechanies and quantum information. 

Consider a two-level quantum system S 
upper and lower states e) and), respectively) 
Under the action of a zero-temperature reservoir 
R. At zero temperature, the reservoir R is in the 
(Ope (vacuum) state, and the SR interaction can 
be represented by a quantum map, known as the 
amplitude decay channe! (1 


15210 
(05010), VTP 


Under this map, the lower state \g) is not 
aflgeted while the upper state) either decays 
to (@) with probability p, creating one excitation 
in the environment (state 1)g) oF remains in), 
With probability 1 ~ p. This would be the sit- 
uation, for instance, in the spontancous emission 
‘of a two-level atom. In this ease, the state (Dg 
‘would correspond to one photon in the reser oir 
Under the Markovian approximation, p= 1 
expC 1), that is, the decay probability approaches 
Unity exponentially in time, AS an initial pure 
state aie) + bg) decays, it ets entangled with 
the environment, gradually losing its coherence 
and its purity overtime, Complete decay only 0&- 
‘curs asymptotically in time (p= 1 when + 0), 
‘when the two-level system is again described 
by the pure state (x). Note that the map in 
Eq, | encompasses several other kinds of dynam- 
ies, which differ only by the time dependence 
‘of the paramicter p. 

Now consider two entangled quits that decay 
according to this map. How dees the entanglement 
‘of the two-qubit system evolve? Dos it mimic the 
asymptotic decay of each qubit, disappearing at 
1 +r, ordoes it disappear at sone finite tine? This 
‘question has been explored theoretically (11-15), 
but up to now there has been no experimental 
investigation of the relation between the global 
entanglement dynamics and the local decay of 
the constituent subsystems 

‘To answer these questions, one first noeds a 
formal definition of entanglement. A. two-qubit 
pute state isentalod, oF nonseparabe, ifand only 
the total state cannot be expressed asa product of 
the individual qubit states: \y) * ois 
Likewise, a mixed! bipartite state represented by 
a density matrix p is separable if and only 
can be written as a convex stim of products 
individual density matrices: p = ¥,p,p"'p/ 
with 0 < py <1. A convenient measure of en- 
tanglement for a two-qubit state p is the con- 
currence C (76), given by 


C= max{0,A} 2) 


vin 
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and the quantities iy are the positive eigenvalues, 
in decreasing order, of the matnix 


P(c:20,)p" (o,@0,) 4) 


‘where oy is the second Pauli matrix and the 
conjugation occurs in the computational basis 
100), 01), 10), 11)}. C quantifies the amount 
‘of quantum correlation that is present in the 
‘tem and can assume values between 0 (only clas- 
sical correlations) and | (maximal entanglement) 
the dynamics given by Eq. 1 and an intial 
state ofthe form «®) = age) + fey) ee), the 
entanglement decay dynamics depends on the 
relation between a) and is (14). Concurrence in 
this ease is given by 


= max{0,2(1 


“) 


P)IBICa\ ~ piB.)} 
From this expression, one can see that for 
entanglement disappears only when the individe 
ual qubits have completely decayed (pp = 1), 
Whereas for {§ > «1 entanglement disappears for 
(p= «ifs < 1, which corresponds to a finite time. 
This phenomenon has boen called “entangle 
sudden death’ (15), Because the concurrence of 
the initial stare (p= 0) is C= 2a. the en- 
tanglement dynamics of two states with the same 
tial concurrence can be quite diferent. 
Photons are a useful experimental too! for 
demonstrating these properties and, more yen- 
erally. for studying quantum channels like the 
fone given in Eg. 1, as the decoherence mech- 


Fig. 1. Experimental setup. (A) A 
‘Amplitude decay channel for a 
single photonic qubt. Because of 
the polarized beam splitter PBS, 
the H and V components of polar- 
ized photons respectively propagate 
‘along counterclockwise and dock- 
wise paths within the interferome- 
ter, With hall-rave plate HWP set 
at 0°, they are coherently recom- 
bined into the outgoing spatial 
mode a, which represents the 
“vacuum state” of the reservoir. 
For other angles of HWPL, the V 
‘component. undergoes a rotation, 
comesponding to is probabilistic B 
decay" into the H component, 
which PBS1. sends to outgoing 
mode b, representing the “one- 
‘excitation state” of the reservoir. 
Wave plates HWWP2 and QWP2, 
together with PBS2, are used for 
tomography of the polarization 
state of outgoing modes a and b, 
which are recombined incoherently 
‘on PBS2 through HWWP3 and are 
sent to the same detector. IF is an 
interference fiter. (B) Amplitude 
decay channel applied to entan- 
‘led qubits. The entangled state is 
generated by parametric down- 
conversion in type I nonlinear crystals. 


east. 


HWP QW? 


anisms can be implemented in a controlled man- 
rer, Let us associate the Hand ¥ polarizations of 
a photon, respectively, to the ground and excited 
states of the two-level system S, The reservoir & 
in tum is represented by two different momen- 
tum modes of the photon, 

Figure 1A shows a Sagnac-like imerferome- 
terthat implements the amplitude-decay channel 
1 for a single qubit. A photon, initially in the 
incoming part of mode a, is split into its horizontal 
(41nd venical (Vy polarization components by a 
polarizing beam splitier (PBS1), Let us ignore the 
half-wave plates HIWPI and HIWPC momentarily 
The polarization component is reflected and 
propagates through the interferometer inthe 
clockwise direction, and, if unaltered, reflects 
through PBS! into the outgoing part of mode «. 
‘The H/-polarization component is transmitted and 
propagates through the interferometer inthe 
‘counterclockwise direction and transmits through 
PBS}. abso into the outgoing part of mex a (17), 
‘The imerferometeris aligned so that the two paths 
are spatially separated, making it possible to 
‘manipulate the 1 and ¥ polarization components 
independently 

To realize the amplitude decay given in 
Fg, 1, we use HWPI to rotate the polarization 
‘of the F component to cos(20)V’) * sin(20)/7), 
‘where 0 is the angle of HWWP1, Suppose that an 
incoming photon is Hpolarized. When this pho- 
ton exits the interferometer through PBSI, itis 
transmitted into moxte b with probability 7 
sin®(20) and reflected into moxke « with prob- 


ne) 


WPL ae 


Type 
Crystals 
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ability cos“(20), This evolution can thus be de- 
scribed by Ya) (I~ pF Ya) > PHY) 
Wdentitying the outgoing modes «and (which 
correspond to orthogonal spatial modes) as the 
states of the reservoir with zero and one exci- 
tation, respectively this operation is equivalent to 
that on the ¢)0)e state in Eq. 1. An incoming 
Hepolarized photon is left untouched, corre- 
sponding to the first line in Eg. 1. This process 
therefore reatizes the amplitude decay channel 
and is identical to the decay of a two-level 
system. HalEwave plate HWPC, oriented at 0°, 3s 
used solely to match the lengths of the two 
‘optical paths. The path lenuths are adjusted so 
that if HWPL is oriented at 0%, the polarization 
sate in mode a after the interferometer is exactly 
the sume as the input state. Photons in modes a 
and b are then direeted tothe same quantum state 
tomography (QST) system (/8), composed of 
quurtersvave plate QWP2, half-wave plate 
HWP2, and polarizing beam spliter PBS2, and 
then registered using a singkphoton detector 
‘equipped! with a 10-ne (Fall with at al mai 


Fig. 2. Results for amplitude decay channel (A) 
Experimental amplitude decay for a single qubit. 
PAV) and Py(V) are the probabilities of detecting an 
input V-polarized photon in the V and H states, 
respectively; PU) and Py(H) are the probabilities 
for an input H-polarized photon. The points 
correspond to experimental data, and the lines are 
linear fits. (B) Entanglement decay as a function of 
the probability p. The squares correspond to 
experimentally obtained values of forthe case 
Ip? = 3lal*. The solid tine is the theoretical 
prediction of the concurrence for this state, given 
by Eq. 2; the dotted ine shows the value of, given 
by Eq, 3. The triangles are experimental values of A 
for the case |fl? = lal", and the dashed line is the 
theoretical prediction for A and C, which are 
‘equivalent for this state. 
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imum) interference filter and a 1.3-mm-diameter 
aperture, Mode > is recombined incoherently 
\ith mode a on PBS2, so that both modes can be 
detected with a single detector. This is achieved 
bby assuring that the path length difference be- 
tween modes a and f is greater than the coher 
tence kength of the photons, which is determined 
bby the width ofthe interference fiers (~0.1 mm). 
The half-wave plate HWP3, aligned at 45°, 
transforms H-polarized photons into polarized 
‘ones. Because PES? transmits polarization 
and reflects I-polarization, the combination of 
HWP3 and PBS2 reflects photons that were 
originally H-polarized. This assures that the 
QST performed is identical for both modes a 
and bh, 

Using the interferometer desenbed above, 
wwe stuxlied both the decay of a single qubit and 
the dynamics of two entangled Wwo-level sys- 
tems interacting with independent amplitude- 
decay reservoirs. In the experimental setup (Fig. 
1B), polarization-entangled photon pairs with 
wavelength centered around 884 nm were 
produced using a standard source (/9) composed 
‘of two adjacent type-1 Lil) nonlinear crystals 
pumped by a 441.6-nm continuous-wave He-Cd 
Taser, One crystal produces photon pairs with 
{polarization and the other produces pairs with 
H-polarization. After propagation and spatial 
mode filtering, the H and V modes are spatially 
indistinguishable, and a photon pair is describe 
by the pure state D) = aH) > 8 exptiby VV 
with high fidelity. A half-wave plate and a quarter- 
\wave plate placed inthe pump beam (Fig. 1B, left) 
allow the control ofthe coefficients ean! and 
the relative phase 8 of the state (/9). 

The decay of a single qubit was investigated 
experimentally for both H- and Wpolarized 
‘Photons by generating states (17°) and AH) and 
registering coincidence counts, with one photon 
propagating through the interferometer and the 
‘other serving as a trigger. The coincidence 
detection window (e * ns ~ 1.5 m) was langer 
‘than the path difference between outgoing modes 


Pp 


Fig. 3. Purity as a function of p for the 
amplitude damping channel. The squares cor- 
respond to experimentally obtained values of 
tthe purity for the case fi? = 3ial?; the solid 
line is the theoretical prediction. The triangles 
are experimental values of the purty for the 
case |pl? = lal?/3, and the dashed line is the 
corresponding theoretical prediction. 
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aand b (~S em), Figure 2A shows PrP) Pal). 
Pri ).and Prd H asa function ofp, where PAK) 
' the probability of finding an input A-polaizel 
Photon in the J state aller the interferometer. The 
finear belvior in p is characteristic of exponential 
decay in, ifp = 1 — exp, 

For the investigation of entanglement dy- 
namics, nonmaximally. entangled sates. w 
‘produced and each photon was sent to a separate 
interferometer. which implemented a Kle- 
damping reservoir, and then to a QST system. 
The half-wave plates HWPL and HWP4 we 
to the same angle 0, s0 that the reservoirs, al 
though independent, acted with the same proba- 
bility p. QST ofthe two-photon state followeal the 
usual recipe of 16 coincidence measurements (18) 
Fach measurement lasted 90 s, giving an av 
age of about 250 coincidence events, We 
peated the same procedure for different values 
of p, obvaining the tomographic reconsirn 
of the output two-photon polarization stawe 
all cases. The concurrence Was calculated sit 
gs. 2 and 3. In all figures, horizontal error bars 
represent uncertainty in aligning the wave plates, 
and vertical errr bars correspond tothe standard 
deviations. of Monte Carlo samples. obtained 
fiom randomly generated counts following. the 
statistics of the experimental data (20), 

Figure 2B displays the concurrence andthe 
quantity A, given by Ey, 3, as a function of the 
decay probability p, for 60 initial states that 


though not pure, are very close to)» a HH) + 
1 exis) 1}: state L, defined by |B? = 23 
(triangles), and state I, defined (? = 3a? 


(squares). Tomography of the initial states 1 
and IT showed them to have the same concur 
rence (~0.8) and similar purity (~0.91 1 0.97) 
‘The theoretical curves were obtained by applyit 
Eq, 1 (0 the experimentally determined initial 
states, which comespond to 7) 0, For initial state 
J, entanglement disappears asymptotically, and 
the concurrence goes to zero only when both in- 
dlividual systems have decayed completely (2 1), 


Fig. 4. Experimental resuts for the dephasing 
reservoir. Concurrence (squares) and purity (ian- 
les) are shown for the case |j* = lal”. The solid 
fine i the corresponding theoretical prediction for 
concurrence, given by Eq. 2. The dashed line js the 
theoretical prediction for purity, given by trp*, The 
concurrence goes to zero asymptotically, 
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For initial state Il, however, the entanglement 
bochaves very differently: The concurrence 20s t0 
2e10 for p = |, thus demonstrating “entanglement 
sudden death.” We stress that the onset of 
separability (C = 0) ocours at the same point for 
all entanglement quantifiers and is not a particular 
artifact ofthe concurtence. 

Ic is abso illustrative to study the purty, de 
fined as tp, as a fimetion of the decay prob 
ability (Fig. 3) for states 1 and I. In both cases 
the purity reaches a minimum but is restored 
when p= 1, when all photons have “decayed” 
to the H-polarization state, State Mis more 
mixed than state 1 in the intermediate stages of 
this process because it has a larger 1?) com 
ponent and thas becomes more entangled with 
the environment, 

To fiber illustrate the usefulness of the 
present scheme for studying decoherence of 
cemangled systems, we performed a second ex- 
periment studying the phase-damping channel, 
described by the map (7): 


\e)s@i0n— lx) 5210), 
's21g— VI pey@Oq + VPleds®\Np 


(6) 


This map could represent elastic 
tween atom and reserv 
not changed by the interaction, but ny 
superposition of them gets entangled with the 
reservoir There is no longer decay. but only loss 
‘of coherence between ground and excited states. 


‘The dephasing map can be implemented with 
the same interferometer through the addition of 
an exira HWP at 45° in mode b before the QST 
system (oF, equivalently, through the removal of 
HWP3 and redefinition of the QST meas 
ments). For the dephasing channel, pure states 1 
and Il present identical behavior, bhecoming 
completely disentangkd only when p = 1 
Figure 4 shows the concurrence (squares) and 
bipartite purity (triangles) as a function of 7 for 
the entangled state I 

In demonstrating the sudden disappearance 
Of the entanglement of a bipartite system, in- 
duced by the interaction with an environment, 
‘our results show that entangled states with the 
same initial concurrence may exhibit, for the 
same reservoir, either an abrupt or an asymptotic 
disappearance of entanglement, even though the 
constituents of the system always exhibit an 
asymptotic decay. We have explicitly shown 
that this behavior also depends on the ¢ 
acteristics of the reservoir through two ex- 
les corresponding to amplitude decay and 
dephasing. The experimental setup represents a 
reliable and simple method for studying the dy- 
mics of entangled systems interacting with 
controlled environments 
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Enantioselective Organocatalysis 
Using SOMO Activation 


Teresa D, Beeson,? Anthony Mastracchio,** Jun-Bae Hong,™? 


Kate Ashton,” David W. C. MacMillan*?* 


The asymmetric c-addition of relatively nonpolar hydrocarbon substrates, such as ally and aryl groups, 
to aldehydes and ketones remains a Largely unsolved problem in organic synthesis, despite the wide 
potential utility of direct routes to such products. We reasoned that well-established chiral amine 
‘catalysis, which activates aldehydes toward electrophile addition by enamine formation, could be 
‘expanded to this important reaction class by applying a single-electron oxidant to create a transient 
radical species from the enamine. We demonstrated the concept of singly occupied molecular orbital 
(SOMO) activation with a highly selective c-allylation of aldehydes, and we here present pretiminary 
results for enantioselective heteroarylations and cyttization/halogenation cascades. 


ver the past four decades, the capacity 
to induce asymmetric transformations 
‘with enantioselective catalysts has re- 


mained a focal point for extensive research 
efforts in both industrial and academic settings. 
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During this time, thousands of asymmetric cat- 
alytic actions have been invented (1), in 
cond with the increasing need for enantiopure 
‘medicinal agents and the rapid advancement of 
the fick! of asymmetric synthesis. Most catalytic 
cnantioinductive proceses are derived from a 
small number of long-established activation 
modes. Activation modes such as Lewis acid 
catalysis (2), o-bond insertion (3), x-bond inser 
tion (4), atom transfer catalysis (5), and hydro- 
‘gen bonding catalysis (6) have each spawned 


countless asymmetric reaction classes, thereby 
dramatically expanding the synthetic toolbox 
available to researchers in the physical and bio- 
logical sciences. A necessary objective, there- 
fore, for the continued advancement of the fiekl 
of chemical synthesis is the design and imple- 
mentation of distinct catalyticactivation modes 
that enable previously unknown transformations. 

Over the past ¥ years, our laboratory has 
been involved in the development of the field of 
‘omganocatalysi, a research area that relies on the 
we of small organic molecules as catalysts for 
enantioselective transformations. As part of these 
studies, we introduced the concept of iminium 
sis (7: an enal oF enone activation mole 
that lowers the enengy of the substrate’s lowest 
uunoocupied molecular orbital, facilitating enantio- 
selective €-C and C-N conjugate additions, 
eyeloadditions, hydrogenations, and. Friedel: 
CCrafis alkylations (8), Simultaneously, Barbas 
and List (9) brought to fruition the concept of 
enamine catalysis (Fig. 1), which raises. the 
energy of the highest occupied molecular orbital 
(HOMO) in akchydes and ketones 10 promote 
enantioselective a-carbony! functionalization 
with a large range of electrophiles (10), These 
two modes of catalyst activation (iminium and 
enamine) have provided, in total, more than 60 
asymmetric methodologies over the past 7-years 


wawsciencemag.org 


jiven the established capacity of enamines 
and iminium ions to rapidly interconvert vi a 
redox process (enamine has four electrons and, 
iminium has two x electrons), we recently ques 


tioned whether it might be possible to inter- 
rupt this equilibrium chemically and thereby to 
access a mode of catalytic activation that elec~ 
lronically bisects enamine and iminium forma- 


iminium catalysis 
‘LUMO sctvation 


‘enamine catalysis. 
HOMO activation 


‘SOMO catalysis 
‘SOMO actvation 


Fig. 1. SOMO catalysis via single-electron oxidation of a transiently formed enamine, LUMO, 
lowest unoccupied molecular orbital; R, an arbitrary organic substituent. 


Table 1. Representative SOMO catalysis. Enantioselective aldehyde cr-allylation is shown. Bz, 


benzoyl; Boc, tert-butyl carbamoyl; Et, ethyl. 
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tion. More specifically, we hypothesized that a 
one-electron oxidation of a transient enamine 
species (Fig. 2A) should generate a three-r- 
electron radical cation with a singly occupied 
molecular orbital (SOMO) that is activated toward 
a range of enantioselective catalytic transforma 
tions not currently possible with established ca- 
talysis concepts, 

From the outset, we identified three key de- 
sign clements to substantiate this proposal. First, 
‘we recognized the mechanistic requirement that 
an quilibrium population of enamine must 
lundengo selective oxidation in the presence of 
nine catalyst, an akchyde substrate, and an 
iminium ion precursor, Theoretical support for 
sich a chemoselective pathway was derived 
fiom the ionization potentials (IPs) of 1-{but-l- 
enyl)pyrtotidine (IP = 7.2 eV), pyrrolidine (IP = 
XX eV), and butanal (IP = 9.8 eV) data that 
reveal the transient enamine component t0 be 
saifliciently more susceptible to oxidation than 
the accompanying reaction partners (12, 2 

Second, we understood that the widespread! 
application of SOMO catalysis would require 
the identification of an amine catalyst tht could 
{generically enforce high levels of enantiocontrol 
in the coupling of the pivotal radical cation with 
a variety of x-rich nucleophiles. On the basis of 
density fimetional theory (DFT) caleulations 
(13, 1), we proposed that the imidazolidinone 
catalyst 1 (8) should selectively form a SOMO- 
activated cation, DFT-2, that projects the 
throe--electron system away fiom the bulky 
ten-butyl group, while the radical-centered 
carbon selectively populates an E configuration 
to minimize nonbonding interactions with the 


imidazolidinone sing (Fig. 2B) In terms of 


enantioficial discrimination, the calculated 
DFF-2 structure also reveals that the benzyl 
{70up on the catalyst system should effectively 
shield the ne fice of the radical cation, leaving 
the s7 fave exposed for enantioselective bond 
formation. 


‘Third, we knew that the intrinsic value of 


this activation mode would be defined by its 
capacity 10 enable useful cnantioselective reac 
tions. Radical cations show great potential in 
this vein, because they already participate in 
many nioncatalytic C-C, C0, CN, CS, andl 
CX (where X isa halogen) bond. formations 
(15-19), Our analysis reveals. the attractive 
prospect of applying asymmetric SOMO catal- 
ysis to important problems such as dinvet and 
enantioseketive allylic alkylation, enolati 
arylation, carbo-cxidation, vinylation, alkynyi- 
tion, oF intermolecular alkylation of aldehydes. 
‘To test this activation concept, we selected 
the direct and enantioselective allylic alkyla- 
tion of aldchydes as a representative transform 
(20, 21), We recognized that the accompanying 
allylation products have been established as 
important chiral synthons in chemical synthesis 
(22, 23), Experimentally this allylation protocol 
‘was first examined in dimethoxy ethane (DME) 
solvent with octanal, imidazotidinone eatalyst 1, 
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ceric ammonium nitrate (CAN) as the stoichio- 
metric owidant, and allykrimethylsilane as the 
SOMO nucleophile (Table 1) (24), Preliminary 
studies revealed the successful execution of our 
design ideas to provide (R}-2-allyboctanal with 
‘excellent levels of enantioinduction and in good 
conversion (Table 1, entry 1; 81% yield, 91% 
‘enantiomeric excess (¢e)]. Experiments. that 
pmbed the scope of the aldehyde component 
in this reaction are summarized in Table 1. 
centres 1 to 6, There appears to be substantial 
latitude in the steric demand of the raical- 
cation substituent (compare entries I and S, with 
the substiteent being hexyl versus eyelohexyD, 
allowing access 10 a broad varity of 2-alkyl- 
substituled-4-pentenals (73 10 81% yield, 91 to 
‘94% ee), Moreover, a variety of chemical fune- 
Lionalities appear to be inert under these mild 


A 


J, Be 


oxidative conditions, including olefins, ketones, 
esters, and carbamstes (entries 2 to 4 and 6; 70 
to 75% yield, 87 to 95% ce). 
Additionally, Table 1 reveal 
array of r-tich olefinic silanes (25) will readily 
Panicipate as allylic alkylating reagents in this 
catalytic protocol (entries 1 and 7 1 10), For 
‘example, methyl, phenyl, and 2-alky! substituted 
allylsilines can be tolerated without losses in 
reaction efficiency oF enantiocontrol (entries 710 
9: 77 to BS Yield, RX to 91% ce). The electron- 
deficient olefin. ethyl24imethyb-trimethybsilyl} 
acrylate ako functions effectively as a SOMO 
rnuckophile 10 provide the coresponding. alkyl: 
ated adduct in 81% yield and 90% ec (entry 
10). This last result provides circumstantial evi- 
dence for the gencration and participation of a 
radical-cation species, given the capacity of 


exposed 


Fig. 2. (A) Catalytic chemical steps leading to formation of the SOMO-activated intermediate, Me, 
methyl; Ph, phenyl (B) DFT-<calculated three-dimenstonal structure of the enantio-ifferentiated radical 


‘ation. (C) Possible transformations arising from enantioselective organocatalytic SOMO catalysi 


Fig. 3. (A) Enantioselective a-heteroarylation of aldehydes via SOMO catalysis. CAN, ceric am- 
‘monium nitrate. (B) Enantioselective olefin cyclization via SOMO catalysis. THF, tetrahydrofuran. (C) 
‘Mechanistic investigation to determine the intermediacy of a radical cation versus a carbocation. 
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cthyl-2-4methylirimethybily)-acrylate to func- 
tion asa viable SOMO nucleophile on account 
of the captodative effect (26), yet not as eflective- 
fy as a HOMO ticleophile because of dimin- 
ished x density at the olefin terminus. The sense 
fof asymmetric induction observed in all cases 
(Table 1) is consistent with selective engagement 
of the allylsitane substrate with the s face of the 
SOMO-activated species 2, in complete accor 
With the calculated structure DFT-2 

‘A survey of reaction media for this organo- 
catalytic allylation has revealed that a variety of 
solvents may be used without a substantial loss 
in reaction ficiency, provided that water is 
present as an addend (27), Although the use of 
DME provides optimal selectivity, ration rate, 
and chemical yield (28), aectone can ofien be 
use! as an alternative solvent without allylation 
fof the bulk medium (29). Moreover, extend 
Feaction times donot lead to product epimeri= 
zation oF the formation of a.dediallylaklehy des 
or aldehyde dimerization adducts, 

To highlight the anticipated broad! scope of 
OMO activation, we present. prefiminary 
results for the enantioselective «-heteroarykation 
‘of aldehydes (Fig. 3), Specifically, eyposure of 
foctanal and Naert-buty! carbamoyl pyrrole to 
‘our SOMO activation conditions enables formyl 
«arylation with useful levels of enantioselectiv- 
ity and excellent yields. Moreover, we have 
found that unsaturated aldehydes. rapidly 
undergo enantioselective eyclization with 
trapping of an exogenous halide. As revealed 
in Fig, 3B, activation of cis4+nonenal with our 
SOMO protocol in the presence of LiCI leads to 
the formation of a stereochemically dense 
cyclopentyl ring system with excellent stereo 
control [85% yiekl, 210:1 diastereomeric ratio 
(dr, 95% ee}. This later result again provides 
circumstantial evidence for the generation and 
paicipation of a radical-cation species. wiven 
the propensity of radicals to undengo eyelization 
‘with unactivated ok 

We have undertaken studies 10 more define 
itively investigate the participation of the 
putative radical-cation intermediate in this cata- 
lytic process. Specifically, aklehyde activation: 
addition experiments were performed with the 
Vinyl cyclopropane substrate 3, an established 
radical clock that was designed by Newcomb 
et al. G30) Wo differentiate between radical- 
mediated pathways and cationic: mechanisms 
(Fig, 30). Adgition of the activated aldehyde 
intermediate to the olefin 3 occurs with sub- 
sequent scission of the benzylic eyclopropy! 
bond and not the «-methoxy cyclopmopy! bond 
This result is in complete accord with a radical 
pathway and not a cationic addition mechanism, 

‘These results highlight the substantial scop 
of SOMO sctivation for useful transformations 
in omganic synthesis. We anticipate a wide range 
of applications for phamaceutically important 
compounds and intermediates. Afier our initial 
submission of this work. a similar approach was 
also applied 10 aldchyde c-osidation (37). 
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A Dinuclear Ni(y-H)Ru Complex 


Derived from H, 
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‘Models ofthe active site in [NiFe]hydrogenase enzymes have proven challenging to prepare. We isolated a 
paramagnetic dinuclear nickel-ruthenium complex with a bridging hydrido Bgand from the heterolytic 
cleavage of Hy by a dinuclear NiRu aqua complex in water under ambient conditions (20°C and 

1 atmosphere pressure) The structure of the hexacoordinate Nidi-H)Ru complex was unequivocally 
determined by neutron difraction analysis, and it comes closest to an effective analog for the core 


structure of the propased active form of the enzyme. 


mages are bacterial enzymes that 

protons (HU) and two electrons (7) (7-3). 
Hydrogen isotope exchange experiments. im- 
plicate as a first step the heterolytic cleavage 
‘of H into.a proton and a hydride ion (HT). 
Hydrogenases are classified into. wo major 
famities on the basis of the metal content of 
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their respective dinuclear active sites that is, 
[FeFe]hydrogenases (4) and [NiFe}hydrogenases 
(5.6). Recent progress towand the structures and 
function of the hydrogenase has been provided 
by x-ray analysis, spectroscopic techniques, 
theoretical methods, ankd model studies (7). 

Xray erystallographic studies have shown 
that the resting-state core structure of [NiFehy- 
drogenase from Desulfovibrio gigas consists of 
‘one nickel atom and one iron atom, which are 
‘bridged by two cystcic thiolates and one uniden- 
tified ligand (depicted as X in Fig. 1) (2.5, 6). 
The bridging ligand X in the resting state is 
proposed to be an oxygen ligand such as H30. 
OW, oF OF (8). The role of metal atoms and 
‘bridging S and X ligands in the Hp cleavage has 
0 far been the subject of controversy (8), 

Many synthetic modeling efforts have boen 
devoted 10 clucidating the core structure of the 
active for of the [NiFeJhy drogenase, such as prep- 


aration of [NiRulcomplexes by Rauchfiss and 
thers (9-75). A Nilt-SGe Fe species inane of 
the candidates forthe active form (7. $, 16, 17) 
However, "MGt-S)Q-411)!M complexes [where 
"MI = group 10 metals (Ni, Pd and Pt) and "M 
wxoup 8 metals (Fe, Ru, and Ox)) as models for 
the active form of the [NiFelhydrogenase have 
yet 1 be report. 

Here, we report the suevessfil isolation and 
crystal structure of the paramagnetic NiQu)Ru 
complex (NLT LOM ADRU YC eMeg NOs 


H2INOy}, where L = NA-dimethy a 
bis 2-mercaptoethy))-1.3-propanediamine, which 
‘we synthesized by reaction of diamagnetic din 


clear NiRu aqua complex [(Ni"L)Rul( HO) 
(f-CMeq)(NOghs {1 KNOg)s} with Hy in water 
under ambient conditions (20°C and 0.1 MPa) 
(Fig. 2) 

We obtained the highly water-soluble NiRu 
aqua comple [1}(SO,) by reaction of the nutheni- 
‘um triagua complex [Ru(n™CeMegXHs0,(SO4) 


Fig. 1. Core structure of the resting form of 
INifelhydrogenase from D. gigas, determined 
by x-ray analysis. [Adapted from (6)] 
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Fig. 2. Formation of a 
NiGi-HRU_ complex ob- 
tained from the reaction 
‘of a NiRu aqua complex 
with dinydrogen (H.) in 
water under ambient con- 
ions (20°C and 0.1 MPa. 


Fig. 3. Structure of [2](NOs) as determined by 
neutron diffraction analysis. The ellipsoids are 
‘cut open to reveal the three principal axes and 
are drawn to include 30% probability density. 
Selected bond lengths (V/A) and angles (o/deg): 
Nit-H1, 1.859 + 0.007; Ni1~O1, 2.122 + 0.005; 
Ni1-S1, 2.359 + 0.010; Ni1-S2, 2.362 + 
0,009; NiI-N1, 2.119 + 0,003; Nil-N2, 
2.117 + 0.004; Rul-H1, 1.676 + 0.008; 
Rul-S1, 2375 + 0.011; Rul-S2, 2388 + 0.007; 
Nid-HI-Ru1, 101.47 + 0.043; Ni1-S1-Rul, 
70.7 + 0.3; and Nil-S2-Ru1, 70.4 + 0.2. 


{13(SO} (8) with the nickel compkex [Ni®L} [4] 
(79) in aqueous solution (20), Complex [1° was 
characterized by nuclear magnetic resonance 
NMR) (figs. SI $3) and infrared (IR) spec- 
truscopy (lig. SH), as well as by electrospray 
mass ionization spectrometry (ESI-MS) (figs. SS 
Wo S7) and sray photoelectron. spectroscopy 
(XPS) (fig. S8. A and C), Magnetic susceptible 
ity measurements confirmed that the complex 
was diamagnetic (ig. S9A), The sofid state 
structure of [1]? was characterized. by x-ray 
dlifliaction from a red crystal of [1 KOM. (where 
OTE © CF;SO3), obtained from an aqueous 
solution of (1MOTA3. prepared by an anion 
exchange [1}SO4) with NaOTF in water (ig 
S10). A variety of anions (such as SO, OT. 
‘or NOs) were investigated with regard to their 
ability w induce isolation of the complexes as 
crystals (Fig. S11). The Ni center of [IMOTMs 
sits in the pocket of the tetradentate ligand in 
4 square phinar arrangement (fig. S10). The 
Rul-O1 (agua ligand) bond length is 2.154 
(0,003 A (where 0,003 is SD), whereas the 
NilO1 distance is 2.888 + 0.003 A. (Further 
parameters are given in tables ST and 
The dinuclear NiRu aqua complex (1](NOs)2 
was quantitatively obtained from anion ex- 
change of [1](SO,) in water at approximately 
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pil 7 (fig. S11). Hy «0.1 MPa) was bubbled 
through the phosphate buffer solution (pll 6.8) 
of [N}(NO5) at 25°C to gradually precipitate 
dark-red crystals of [2[(NOs), which were 
isolated by filtration {34% isolated yicld based 
fon [I](NOs)2}. As the reaction progressed 
(without the addition of the phosphate buffer), 
the pl of the solution steadily decreased (from 
ll 6.4 to pl 4.6), indicating the heterolytic Hs 
cleavage (2/), which generated H” asa co- 
product. The H30 ligand of [1|(NO4)» may act 
as a base to release 1,0" (Hs * 130 — IT 
1,0") (22), We characterized [2](NO5) by IR 
(lig, $12), ESI-MS (fig. $13), XPS (fig. SS, B. 
and D), NMR (fig. SI4), electron spin reso- 
nance (ESR) spectroscopy (fig. S15), and mag- 
ctic susceptibility measurements (fig. S9B), 
Dark-red crystals of [2(NOs) obtained fh 
the aqueous solution of [2 (NOs) were charac- 
aed by x-ray (Hig. $16) as well as neutron 
fraction analysis, the latter chosen for its 
sensitivity to hydrides (Fig. 3 and fig. S17). The 
Ru Hl distance (1.676 + 0.008 A by neutron 


dliffiaction analysis) in the NigrI)Ru moicty of 


[2)(NO4) is substantially shorter than the Ru-H 
distances (averaging 1-788 A by neutron dif 
faction analysis) in the Rugi-I)Ru moiety of 
[1O?-CsHy)(SiMea)s} [Rust CO) (tH) (BE) 
‘with a bulky dimethy ily inker (23). The Ni atom 
‘of [2(NO,) adopts a distorted octaheatal coordi- 
nation geometry with the tetradentate ligand, o 
aqua ligand, and one hydride ligand (Fig. 3). The 
‘bridging HT atom is closer tothe Ru atom (Ru Mt 

1,676 = 0.008 A, Ni-HT = L859 + 0,007 A) in the 
Nigel Ru moicty. The Ru-H unit may serve 
asa two-electron donor to the Ni unit through 
the bridging H atom (24), much as in MGi-1DB 
complexes (where M is a transition metal), in 
Which the B-H unit acts as a two-eketron donor 
to M (25). In this context, there ane three ex- 
amples of hexacoondinate Ni(i-IDB complexes 
With $ ligands whose structures have been de- 
temmined by x-ray analysis (Ni-IH = L310 
1.98 A) (26-28), The Ni-S- Ru angles (70. 
(0.3° and 704° = 0.2°) for [2\'NOs) are substan- 
tially smaller than the Ni-S-Ru angles (86.81° 

(0.04° and 87.20" = 0.05") for [1](NO5)s. The 
tunable Ni-S-Ru angles allow such structural 
changes in these dinuclear complexes. The Ni~Ru 
distance (2.739 = 0.003 A) of [2|(NOs) is shorter 
than that (3.1611 = 0.0006 A) of [1KOTF)s. A 
similar tendency has been observed in the 
[NiFe]htydrogenase: Lc extended »-ray absorption 
fine-strcture studics on the [NiFefrydrogenase 
have shown that the Ni~-Fe distance in the active 
form is2$12 = 0.007 A, which is shorter than the 


“Fe distance (2.906 
form (29) 

‘A positive-ion ESI mass spectrum of [2 (NOs) 
in 110 js consistent with the above formulation 
and dinuclearity fig. $13). A prominent signal at 
a massto-change ratio (m'z) of 343.2 [relative 
imensity = 100% in the m/z range from 200 10 
1000] has a characteristic distribution of iso- 
opomers that matches well with the calculated 
isotopic distribution for [2-11,0]". To confirm 
the origin of the hydride ligand of [2(NOy), we 
synthesized D-labeled [2](NOs) by reaction of 
[UNOs)2 with Dy i HO for 10 min, In ESE 
mass spectra, the signal at m/z $43,2 shifts to 
$44.2 (fig. S18). This result indicates that the 
deuterium atom is incorporated into [2KNOy) 
We hve confirmed that there is no H/D ex 
change between Dz and HO under the condi« 
tions of this experiment (at pH 7 109 in HO fir 
1 hour at 25°C at 0,1 MPa of D3). An IR spec- 
trum of [2(NOS) in the region of 1000 to 2000 
can shows. peak shift fom 1740 to 1248 em? 
after isotopic substitution of Hi by Di 
hydrido ligand position, Magnetic susceptibility 
measurements of [2](NOs) yield zag 1.5 = 10-7 
electromagnetic units (emu) mot" at 300K, 
comesponding 10 a magnetic moment of 2.32 
BM. 'H-NMR and ESR measurements also 
indicate paramagnetism in [2}(NO3). The reason 
for paramagnetism i explained on the basis of 
the transfonmation of the nickel) spin state 
between a singlet ($= 0) square planar of [1°* 
and a tripkt (S = 1) pscudo-oetahedral of [2]', 
triggered by the coordination of Hand H30 to 
the nickel ion, Complex [2]¢NO4) is one of a few 
examples of stable paramagnetic metal hydride 
compkeres (30). The binding energy of Ni 2s 
for XPS of [2(NOs) indicates that a Ni atom has 
4 similar change (883.2 eV) to that of [1](OTDs 
(882.9 eV), which corresponds to a Nid) 


0.014 A) in the resting 


complexes with two bridging sulfido ligands, 
Mi-S)sM (where M = Ru or In), that activate 
H; 10 give MGr-S),4)-1DM species have been 
reported (31, 32), However, in those reported 
studies, the reactions have been carried out in 
‘organic solvent such as toluene, We attached an 


agua ligand to the Nigt-S)Ru unit not only to 
gain water solubility but also to act asa base 10 
form the Nigi-ShOr-HI)Ru species in water, 
because We assumed that the hydrogenases 
require the X ligand (H30, OH, or ©) in the 
resting state to activate Hp in aqueous media in 
the same manner of this study 
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Paleocene-Eocene Thermal 
Maximum and the Opening of the 


Northeast Atlantic 


‘Michael Storey,* Robert A. Duncan,” Carl C. Swisher I? 


‘The Paleocene-Eocene thermal maximum (PETM) has been attributed to a sudden release of carbon 
dioxide and/or methane. ““Ar?Ar age determinations show that the Danish Ash-17 deposit, which 
‘overlies the PETM by about 450,000 years in the Atlantic, and the Skraenteme Formation Tuff, 
representing the end of 1 + 0.5 million years of massive volcanism in East Greenland, are coeval. The 
relative age of Danish Ash-17 thus places the PETA onset after the beginning of massive flood basalt 
volcanism at 56.1 + 0.4 milion years ago but within error ofthe estimated continental breakup time of 
55.5 + 0.3 million years ago, marked by the eruption of mid-ocean ridge basalt-tike flows, These 
Correlations support the view that the PETM was triggered by greenhouse gas release during magma 
interaction with basin-filling carbon-tich sedimentary rocks proximal to the embryonic plate boundary 


between Greenland and Europe. 


‘uring the Palvocene-Eocene thermal 
maximum (PETM) (2), the sea surface 


smperature rose by $°C in the tropics (2) 


and more than 6°C in the Arctic (3), in con 
ion (4) and the 


junetion with ocean acid 
tion of 30 


PETM le-wnkod by an sbrapt decease i the 
8°C proportion of marine and terrestrial sedi- 
mentary carbon (/, 6), which is consistent with 
the rapid adlition of >1500 gigatons of MC- 
depleted carbon, in the form of carbon dioxide 
and/or methane, into the hydrosphere and 
atmosphere (7), The PETM is thought to have 
lasted only 210,000 to 220,000 years, with most 
of the decrease in 84°C occurring over & 20,000- 
‘year period at the beginning of the event (8). 


*Quatemary Dating Laboratory, Department af Environment. 
Society and Spatial Change, Roskilde Universty Cente, Post 
tfce Box 260, 4000 Rose, Denmark. “College of Oceanic 
and Rmosphesic Sciences, Oregon State Universty, Conall 
(0897331, USA “Department of Gelogical Sciences, Rutgers 
Univesity, Piscataway, N} 08854-8066, USA. 
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A possible trigger for the initiation of the 
PETM is a period of intense flood basalt ma 
miatism attending the opening of the North Athan- 
tic (9, 10), by generating metamorphic methane 
from sill intrusion into basin-filing carbon-ich 
sedimentary rocks (71), Here we present Ae™Ar 
age determinations that allow the correlation of 
Early Tertiary vokeanic rocks of East Greenland 
and the Facroe Islands with the Danish Ash-I7 
deposit. which closely overlies PETM sequences 
in the North Atlantic. In East Greenland, a >S-km- 
thick sequence of plateau basaits formed in 1.0 
0.5 million years (My). A surge in magma pro- 
duction, coupled with the eruption of mid-ocean 
ridge basalt (MORB)-ike flows in the lower part 
‘ofthe flood basalt sequence, indicates the initiation 
(of seafloor spreading at $85 = 03 million years 
‘ago (Ma), The onset of the PETM comelates, 
closely with this breakupprelated magmatism, 
‘The North Atlantic [gncous Province (NAIP) 
includes the basaltic and picritic lavas of Ballin 
Island and West Greenland: the ~7-kmethick, 
predominantly thokkiic lava flow sequences of 


the Blosseville Kyst of East Greenland; the 
seawant-dipping reflectors of the Greenland and 
nonthwest European volcanic rifled margins; the 
Faeroe Islands and British Tertiary basaltic lavas; 
and the aseismic 
cither margin of the central Northeast At 


(Fig. 1), The total area of the NAIP is 13 10" 
san? (/2) and its volume is estimated to be $* 10° 
Jan? to 10 © 10° kant (/2-14). The East Greenland 


(Blosseville Kyst)and Faeroe Islands ood basalts 
lie at opposite ends of the Groenand-Lecland- 
Facroes Ridge (GIFR), the postulated fecland hot- 
spot track, and record voleanic activity leading up 
10, during, and after continental breakup between 
Greenland and Europe (Fig. 1) 

Arc age determinations show that pre~ 
‘breakup voleanie activity in East Greenland and 
the Factoes began at ~61 Ma (15-17), Seven 
lava flows cover the duration of magnetochron 
€2Sn (~$00,000 years) in the uppermost part of 
the Faoroes lower series (FLS), indicating a very 
Joww eruption rate by ~$7 Ma (18) (Fig, 2), The 
FLS extends into cartiest C24, asthe lava flow 
immediately below the capping ~10-m-thick coa- 
bearing sediment horizon (/9) is reversely:ming= 
etizad (/8), The volcanic hiatus as representid 
on the Faeroes, afl the end of the initial phase of 
volcanism, has an estimated duration of 0.6 
04 My (Fig. 2). In East Greenland, yoleaniclastic 
sediments overlie the FLS equivalent, the Nansen 
Fjord Formation (20), which includes taba that 
contain coal fragments and plant imprints (27). 

‘After the period of litle oF no voleanism, 
flood basalt eruptions commenced on a massive 
scale in Fast Greentand and the Facroes (Fig. 2) 
Flood basalt activity in East Greentand is p- 
resented by four regionally extensive forma 


tions with a combined stratigraphic thickness of 


km. The Milne Land Formation (MLE), the 
‘oldest of these four formations, includes MORB- 
Tike Jow-Ti basalts halfway up the succession 
(20) that provide correlation with the Faeroes 
smile series (FMS) and upper series (FUS) (Fi 

2), Palcomagnetic data suggest a high eruption 
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Fig. 1. Map of the 
North Atlantic region 
showing the distribution 
of igneous rocks related 
to the NAIP and DSOP 
site 550, where Danish 
Ash-A7 closely overlies, 
the PETM. A24, sea-floor 
magnetic anomaly 241; 
BK, Blosseville Kyst: GC, 
Gardiner Complex; MAR, 
‘Mid-Atlantic Ridge. 


Fig. 2. Correlation of 2 CONTINENTAL RECORD. 


‘composite marine record, 
which encompasses the 
PETM, Danish Ash-17, 
and! magnetochrons C250 
and lower C24r, with the 
continental East Green 
land (68°N) and Faeroe 
sands flood basalt record. 
Tie points are indicated 
by dashed horizontal 
lines. Tie point 1, core- 
lation between the SF 
Tuff and the marine Dan 
lsh Ash-17; tie point 2, 
correlation of the East 
Greenland and Faeroes 
flood basalts, based on 
the first occurrence of 
MORB-like flows in 
the respective volcanic 
records (20); tie points 
3 and 4, top and base 
of C25n correlate the 
Faeroes volcanic record 
to the marine record. 


record: CIE, carbon isotope excursion. AT, chai 


East Greenland (68° N) 
55.122 0.06 Ma mneennsee 
RF @)552204Ma 
GPF 
/ntusion 
5575 +0.35M0 
MLF 
ower 
561204 Ma 
Lahars and 
toss plant bearing 
seciments 
NF 


s+ 88:12 20.12 Ma] 


rate at the onset of the FMS (/8), In the MLE, 
East Greenland, lavas show a regular decrease in 
the Dy/Yb ratio up through the section, indica- 
tive of progressive drop in the mean pressure of 
partial melting (22) and consistent with rifing and 
thinning of the lithosphere. A Ar *Ar age 
{determination on plagioclase from a tava flow at 
the hase of the MLF yielded an age of 56.1 = 05 
Ma (16), in agrcement with age determinations 
for MLF-cquivalent lavas inland (7), The 
‘weighted mean age is $6.1 = 04 Ma [2a intemal 
standard error (SE) used throughout; all ages are 
reported relative to the currently accepted aye of 
28,02 Ma forthe Ar” Arstandard Fish Canyon 
Tuff Sanidine (23)]. A high-precision “Av Ar 
age of $5.12 = 0206 Ma (able S1) on sanidine 
fiom a tuff near the top of the Skraenterne F 
mation (SF), the uppennost of the four volcanic 
formations, indicates that the entire sequence Was 
cenupted in 1.0 = OS My (Fig. 2), The lowest 
stratigraphic occurence of MORBHike flows, 
approximately 0.8 km above the fase ofthe first 
flood basalts, was dated to $5.1 = 0.5 Ma(/6) on 
plagioclase from wo samples of interlayered 
Ti hasalts (Fig. 2). Further and more pre 
age constraints are provided by the Skaergaa 
intrusion age. The parental magma of the 
Skaergaand intrusion his been correlated with 


MARINE RECORD 


+10 


° 
INF, Nansen Fjord Formation; RF, Romer Fjord Formation. Faeroes: LS, lower series; MS, middle series US, upper series. Marine tage Proiiety 


in time. #°Ar?7Ar age determinations for SF Tuff and Danish Ash-17 are 


given jn tables and 52 and Fig. 3. The #°Au "Ar age forthe MLF is from (16, 27) The “°Au?™¥Ar ages for the RF and Faeroes US/MS are on (16). The 

ar/*” Ar-based Skaergaard intrusion age is from (26). The +1.11 My between the top of C25n and the beginning ofthe ClE is from (29). The +1.55 My between 
the top of C2Sn and Danish Ash-17 is based on the observation that Ash-17 occurs in the midpoint of C24r (32) and that C24r has a total duration of 3.11 My 
(29). The right panel shows magnetochron ages (30) and the estimated variation in magma productivity overtime {from (16)]. There isa low melt production rate 
by the beginning of C25n and a surge in magmatism (curve 2) during early C24r, Curves 2 and 3 represent upper (6000 kmr/km per My) and lower uncertainties 
‘on magma productivity during the riftto-drift phase. Post-breakup melt production is based on seismic images of crustal thickness for the Greenland-iceland 


Ridge (GIR) (14). 
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the Gieike Plateau Formation (GPF) (24), which 
‘overlies the level of the MORB-ike lows in East 
Greenland (Fig. 2). “Ar*Ar ages on biotite and 
homblende from transgressive granophyres with- 
in the Skaereaand intrusion, in combination with 
models of cooling history (25). give an intrusion 
age of 55.75 = 035 Ma (26). The weighted 
average of the Skaergaard intrusion age and 
the less precise age for the FUS/FMS is 55.5 = 
0.3 Ma This age for the MORB-like flows ale 
lows for the possibility that the majority of flood 
basalts were emplaced in <300,000 years 2s com- 
cluded from a fluid inclusion study on late-stage 
{granophyres from the Skaerusend intrusion (27). 
The average mel production rate forthe flog 
basalts is 3000 (3000-1000) kin? kin of rift per 
My (Fig, 2), assuming that the hidden cumulates 
have a comparable volume to the bas (28). AF 
though there is a lage degree of uncertainty, the 
figure is in accord with crustal thickness: based 
‘estimates of magmatic precuctvity of 1800 = 300 
kiv'skm of rift per My for the GIFR, proximal to 
the volcanic rifled margin (4) (Fig. 2). The surge 
invmalt production alter renewed volcanism in East 
Grocnland and the Facroes suggests shortived 
riflto-drift phuase beginning at $61 = 04 Ma, with 
the eruption of MORB-like low=Ti basalts at SSS 
(0,3 Ma marking the opening of the northeast At- 
lane at 6X°N, above the ancestral Iceland hot spa 
‘Atthough the PETM hus been identified glob 
ally in marine and! also in some continental sed 
mentary sections, there has been uncertainty 
about its timing relative to the onsland stratigra- 
phy of the Bast Greenland. Faeroes flood! basalts 
‘Orbital-hased calibration for magnetochrons C246 
sane! C2Sn, using cores ftom mltipke del holes on 
the Walvis Ridge in the South Adantic, indicates 


951220: Me 


Number of Analyses 
ee 


ss asa 
‘Age (a) 

Fig. 3. Probability plot for sanidine “°ar/¥Ar ages 
for the SF Tuff (top) and Danish Ash-17 (bottom). 
‘With the exception ofan anomalously young age, the 
‘SF Tuff ages conform to a simple Gaussian distr 
bution. Ages are arithmetic mean + 2 SE. Analyses 
‘are reported in tables $2 and 53. 
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that the total duration of C24 is 3.12 
and that the base of the PETM is 1.11 = O04 My 
above the C24rC25n bounary (29) (Fig. 2). This 
indicates an age of approximately $55 10 $3.6 Ma 
for the onset of the PETM. relative to the goo 
magnetic polarity time scale value of 56.67 Ma for 
the CeC2Sn boundary (30), Further age oon- 
straints are provid! by Danish Ash-17, a wide 
spread sirtigraphic marker horizon that is found 
in Early Tertiary marine sediments from the Next 
Sea region and the North Atlantic. Danish Ash-17 
‘overtics the PETM at Deep Sea Drilling Project 
(DSDP) site $50 im the middle of C24r (C245) 
and has been used for the calibration of the PETM 
(Fig. 1) (31,32). Danish Ash-17 Ins been comelatad 
previously with an alkaline sanidine-bearing tu in 
the SF near the tp of the East Greenlany Tertiary 


005 My 


tic deposit is believed to originate fiom the Early 
Teniary Gardiner melanephelinit-carbonatite vol- 
ceanic complex on the East Greenland margin 
(Fig. 1). To es the conelaton, with the aim of lo- 
cating the stratigriphie position of the PETM in 
relation to the East Greenland and Facroes floc 
‘ass, we have reated beth Danish Ashe and 
the SF Tull, carrying out more than S0 individ 
ual age measurements (34). Figure 3 shows that 
ar" Ar lascr-fusion age determinations on sani- 
dines from the SE Tull ana Ash-17 ane analytically 
indistinguishable. OF the 1S sanidine analyses fo 
the SF Tuff | is anomalously young with an age of 
$4.2Ma, possibly reflecting “Ar kas by alteration, 
The remaining 14 analyses give ages ranging be- 
‘tween $510 and $5.3 Ma and oonform to a simple 
‘Gaussian distribution with a mean age of $8.12 
(0.06 Ma (Fig. 3). Saniine from Ash-17 is finer 
‘gained, and overall the multiple-as well as singh 
grain analyses are less precise. However, the 
satin fission ages fr Ash-17 are meaty evenly 
dlisted arvund $8.12 = 0.12 Ma There is a 
smaller faction of oer ages, which cluster around 
$6 Ma (fig. SI) and are cunsdered to include an 
inheritad tuenocrystic) componcrt. 

The similar new high-precision ages for Danish 
AAsh-17 and the SF Tull indicate that they are 
ccoeval and, due to the rarity of sanidine-bearing 
‘lls inthis time interval in the North Atlantic, most 
likely represent the same eruptive unit (33), Ashe? 
‘occurs in the midpoint of Ce G0), which would 
place it apprcimately 450,000 years above. the 
base of the PETM (29), Relative to the “AcAr 
dies for the SF Tull and Danish Ash-17, the stat 
of the PETM would this corespond to an age of 
38.6 Ma. The anset of the PETM was most likely 
aller the beginning of massive food bail vol- 
‘canis at $6.1 = 04 Ma, bat is within enor ofthe 
estimated age of continental breakup at 
3 Ma, marked by the cruption of MORE- 
flows (Fig. 2). We suggest that rift propagation 
and magmatism (above the ancestral Iceland hot 
spot) during the final stages of breakup between 
Greenkinl and Europe trigeerad the PETM event, 
probably via the release of "Ccnriched methane 
though masse sill inmusi an contact mstamee- 
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phism of carbon-rich sediments contained in 
bhasins proximal to the embryonic plate boundary 
between Greenland and Europe (1). 
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NOV (CCN3) Functions as a 
Regulator of Human Hematopoietic 
Stem or Progenitor Cells 


Rajeev Gupta, Dengli Hong, Francisco Iborra, Samantha Sarno, Tariq Enver” 


Clinically successful hematopoietic cell transplantation is dependent on hematopoietic stem and 
progenitor cells, Here we identify the matricellular protein Nephroblastoma Overexpressed (Nov, CCN3) 
as being essential for their functional integrity. Nov expression is restricted to the primitive (CD34) 
compartments of umbilical vein cord blood, and its knockdown in these cells by entivirus-mediated 
RNA interference abrogates ther function in vito and in vivo. Conversely, forced expression of 

Nov and addition of recombinant Nov protein both enhance primitive stem andior progenitor activity 
Taken together, our results identity Nov (CCN3) as a regulator of human hematopoietic stem or 


progenitor cells. 


small population of self-renewit 
tipotent hematopoietic stem cells (HSCs) 
sustains blood production throughout 


fife. They maintain a poo! of multipotential pro- 
enitors that retain some features of HSCs, but 
that have the capacity to rapidly differentia 


importance, a de 
of these primitive comp 
Jacking, Although the ex vivo expansio 


of trans 
plantable human cells has been achieved, for ex 


ample, by eytokine addition of forced expression 
‘of celLintrinsic regulators such as Notch or HaxBt 
sgenehhas bexn demonstrated 10 
physiological regulator of human 
hematopoietic stem and/or progenitor cells (3). 
Such intrinsic regulators have been identified in 
murine HSCs by gene targeting (3-6); however 
their roles in human HSCs remain untested, 

Molecular profiling is a useful source of nov: 
cf candidate regulators (7), and using such an 
approach, we have previously identified Nephro- 
blastoma Overexpressed (Nov, CON3) as a cane 
¢ marker of the undifferemiated. state (8). 
The Nov gene was originally characterized as 
site of proviral integration in an avian mex of 
nephroblastomna (9), and it encodes an epony= 
mous member of the CCN (Cyr61, CTGE, Nov) 
family of mulimodular matricellular signalin 
proteins (/0). Nov protein localizes both 
ccellularly and in the extracellular m 
normal component of human se 
regulator of wound-heali 
2,13. 

Given (i) the einical iy 


oven 
be an essent 


di 


iN: itis a 
UDand isa 
J angiogenesis 


ance of the human 


primitive hematopoietic stem andor progenitor 
i) the differ 


‘compartment in transplantation: 
‘ences in the growth and t 
‘of human and mouse cells (14), includ 
responsiveness to stem cell-active signaling 
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pathways such as Wat (/) and fibroblast growth 
factor (/5); and (ii) the increasing utility of cond 
blood in stem cell allografting (/6), we used it as 
a system in which to understand the effects of 
Nov in primitive hematopoictic cells (/7). Re- 
verse transcription polymerase chain rcaction 
(RT-PCR) analysis showed that Nov expression 
was highest in primitive (CD34°) cells, which 
include SCs and mutipotemtial progenitors (fi 
SI). To achieve stable knockdown of Nov 
these cells, we cloned shor-hairpin RNA 
(shRNA) oligonucleotides directed bu 
man Now into the lentilon3.7 lentiviral vector, 
which contains green fluorescent protein (GFP) 


asa reponter (Fig. 1A) (/8). The resulting knock- 
down virus (Novi) reduced Nov protein expres: 
sion ina cell line and in cord block CD34* cells 7 
days after infection (figs. S2 an $3), and this was 
confirmed by RT-PCR (fig. $4) Immunocytochom- 


Fig. 1. Nov is required for stem and/or progenitor function in 
ie actnapeceeesrerier sree 
RNA-polymerase Ill promoter. (B) Immunofluorescence anal- 
ysis of Nov expression in representative cord blood CD34°tin~ 
cells transduced with either control vector or Novi. Nov is 
labeled with Alexa-488 (green). Nuclei are stained with TO- 
HOS ve. ag eye eS to 


ical analysis of primitive (CD34"ineage(lin) | 
con! blood cells showed both nuclear and eyto- 
plasmic expression of the Nov protein (Fig. 1B, 
left), which was abrogated afler transduction 
with Novi (Fig. 1B, middle the 1'knock- 
down is quantified in Fig. 1B (right), Taken 
together, these data show that Nov is expressed 
at the RNA and protein levels in primitive 
hematopoietic cells, and validate our knock- 
down strategy. 

Cord. blood CD34 
Novi were functionally 
says. Using quantitative limiting dilutio 
ed the frequency of lon, 
cells (LTC-ICS)—the most primitive 
‘human progenitor assessable in view; we saw that 
loss of Nov abrogated LTC-IC readout (Fig. 1, C 
and D). Expresion of Bruil and Gil, genes 
previously implicated in murine stem cell self 
renewal (4, 3), was similarly diminished (Hig. SS) 
In contrast, loss of Nov did not abrogate the 
clonogenicity of more mature progenitors as 
tested in methylcellulose colony-forming cell 
(CFC) assays (performed 6 10 9 days alter 
infection), Loss af Nov led to a modest increase 
in colony number (Fig, 1B), but without a dif 
ference in lineage distribution (fig. $6), However 
cells fiom these primary colonics failed to gen- 
rate secondary colonies in methylcellulone re 
plating experiments (Fig. IF), which implies 
in progenitor self-renewal (/9%), This ine 
CEC activity, but loss of see 
‘ondary CFC activity, may represent a diversion 
‘of progenitor fite from self-renewal to differen- 
tiation in the absence of Nov, In other systems, 
NOV has been reported to regulite Notch sig 
naling (20): this pathway plays anole in regu 


cells transduced with 
paid i Vito as 


lating hematopoiesis (27), Consistent with th 
D 
5» 
g 
5 


Cy 


a 


10 


wellswell 10 
itt Now 


‘at Novi 


cells transduced with either vector. (C) Representative LTCIC 


assay by limiting dilution of cord blood CD34” cels transduced with either control or Novi virus;—ve wells, 
negative well, fraction of wells shosring no CFC activity. The LTC-IC frequency for control cells i: 1/6260. 
Readout from Novi cells was not observed. (D) Mean LTCC frequency of control and Novi cells n= 6, P< 


0.01). Novi cells gave LTCC in only one of six experiments, which gives a computed frequency of 1/82,500 
cells. (E) Methylcellulase CFC frequency in control and Novi cells Novi cells showed a 1.5-fold increase in total 


cr .016). (F) CFC replating frequency of primary control and Novi colonies (n .015). 
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Fig. 2. Nov is required for 
stem and/or progenitor cell 
function in vivo, (A) Design of 
the sbNovi virus. The shRNA‘ 
sequence is identical to Novis. 
(B) GFP expression in cord blood CD34* cells 
transduced with slNovi (lef or control vector 
before transplantation and in human CD45 cells 
isolated from primary NODISCID recipients 10 weeks 


after transplantation (n = 4), showing a reduction by 2 factor of egal 
GFP Novi cells (C) Lineage contributions of GFP and GFP” engrafted human cels isolated from 
primary recipients of six-Novi or contro cells tem cells, CD34*CD38 ; myelomonocytic, CD33°; 
‘erythroid, CD235";B cel, CD19"), (D) Frequency of GFP® and GFP B cell colonies generated ge 
by MS-5-supported culture of total human CD45 cells isolated from primary recipients of 

‘control or slx-Novi cells. (E) (Left) Representative fluorescence-activated cell sorting (FACS) 
histogram showing Hoechst 33342 fluorescence of CD34*CD38iin~ cells transduced with 
‘control vector or Novi. (Right) The G/M phase of the cell cycle is marked and is 

Novi cells, (F) Relative abundance of p21 mRNA in CD34"CD"38lin” cells transduced with 
control vector or Novi, HPRT, hypoxanthine-guanine phosphoribosyltransferase, 


Novi hematopoietic cells were found to express 
less Hes, a reporter of Notch activity, than 
‘controls, Furthermore, they exhibited a severely 


impaired Hes! transcriptional response after acti- 
vation of Notch signaling by addition of the 
Noteh ligand jagged! (fig. S7). These findings 
indicate th 


loss of Nov markedly diminishes the 

functional capacity of the primitive hemato~ 
poietic compartment, as tested by LTC-IC assays, 
and also abrogates the self-renewal, but not the 
remtiation capacity, of more mature cells in 
assy. 

Currently, the most primitive cell in the hie 
rman hematopoietic hierarchy that is experimen- 
tally assessable in vivo is defined by its capacity 
hematopoietic reconstitution of sublethal t= 
radiated nonobese dial ¢ with severe 
‘combined inmunodeticieney (NOD'SCID mice) 
(22, 23) and is termeal a SCID repopulating cell 
(SRC) 2, Therefore, we further tested the 
effet of Nov knockdown on the function of the 
SRC-containing compartment in xenotransplan- 
tation ex 

CD34 CD3K" cells infected with either con- 
trol or Novi viruses were transplanted by intra- 
Yenious injection into NODSCID mice. The 
contribution of Novi cells to engraftment as- 
sessed aller 8 weeks was foun! tbe lower than 
that of controls by a factor of 22, as determined 
by quantification of viral sequence in the 
genomic DNA of human cells isolated from re- 


Ccipient bone marrow (fiz. S8). For a more exten- 
sive analysis of the impact of Nov abrogation on 
‘engraftment, we exchanged the cytomegalovirus 


(CMV) driven GFP reporter cassette [which is 
known to function inefficiently in NODSCID 
mice (25)] for a spleen focus-forming_ virus 
(SEFV) GFP (26) to generate the stv (empty 
Yestor control) and sl-Novi viruses (Fig. 2A), 
‘and we repeated the experiments. Consistent with 
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Fig. 3. Invitro effects of recombinant Nov on hematopoietic progenitors. (A) Recombinant Nov molecule 
showing domain structure (ss, signal sequence; IGFBP, insulin-like growth factor binding protein domait 
‘VWEC, von Willebrand factor type C domain; TSP, thrombospondin-like domain; CTCK, C-terminal cyte 
knot), and FLAG and histidine (His) epitope tags (upper). Western blot using FLAG-specific antibody of 
thNov (lower) showing the two major tolorms described previously (32), lane 2, and efficient depletion 
after passing over a histidine column, lane 2. (B) Methylcellulose CFU-GEMM output (n = 7, P <0.01) and 
(© Total CFC replating frequency (n = 4, P = 0.045) in cord blood CD34” cells alter addition of rhNov or 
control eluate (17). (D) LTC.AC frequency in CD34" cells maintained for 10 days in the presence of rhNov 
‘oF control eluate (n = 3, P = 0.06). (E) CFC replating frequency of Novi cells inthe presence of rhNov of 
control eluate (n= 9, P= 0.001). (F) (Left) NOVH lentivirus showing how an internal ribosomal entry site 
(ires) links Nov expression to emerald-GFP. (Right Intracellular expression of recombinant Nov protein in 
(€D34" cells transduced with NOVH. (G) CFU-GEANA (n = 3, P= 0.05) and (H) LTC-IC frequency (n= 3, P= 
0.07) in CD34* cells transduced with NOVH or control vector. 


the analysis of engraftment by DNA, engrafiment in their homing capacity (figs. $9 and S10), In 


as assessed by GFP expression was dramatically 
reduced in sb-Novi recipients: it was un- 
detectable in half of the animals analyzed (Fig 
2B), This relative failure of primary engrafiment 
by Novi calls was not attributable to an alteration 


those animals where limited engraftment of Novi 
cells was detected, lineage analysis revealed that 
they did not contribute to the stem, myclomono- 
otic, oF erythroid compartments, Those Novi 
cells that did persist in the graft were found wo be 
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Fig. 4. Effects of recombinant Nov on 
human cord blood SRC function. Repre- 
sentative FACS traces showing similar GFP 
expression in CD34* cells transduced with 
either NOVH or control vector (A) before 
transplantation, similar intensities of GFP 
‘expression are indicated; (B) in primary 
recipients 6 weeks after transplantation, 
overall GFP engraftment is unchanged, 
GFP" cells are indicated. (C) CD34 expres: 
sion in. GFP* cell from primary NOVH 
(mean 43%, n = 3) and contro recipients 
(mean 16%, n= 2). (D) Sizes of CD34* 
CD38” pools in GFP* and GFP human cells 
from NOVH recipients (n = 3) (E) Limiting 
dilution LTCIC analysis of human cells 
from primary recipients of NOVH or 
control cells. In NOVH recipients, LTICAC 
frequencies for GFP* and GFP~ are 1/600, 
‘and 1/ 4000, respectively. (F) GFP and 
human CD34 expression in a representa 
tive secondary recipient 8 weeks after 
transplantation. (G) Secondary engraft- 
‘ment in unfractionated bone marrow from 
five NOVH recipients by genomic PCR: we 
used human chromosome 17 « satellite~ 
specific oligonucleotides [c-satelite PCR 
product, 853 bp; mouse glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) PCR 
product, 872 bp], NC, uninjected mouse, 


ce > 
RS 


cou 9 cep ® 
ae 


D34°CD38" in NOVH 


exclusively of the B lineage (Fig. 2), Further 
immunophenotypic analysis showed that these B 
cells were predominantly long-lived mature B 
cells expressing immur SID. 
This Was confined in functional experiments 
\where litle of no B cell progenitor ativity coukd 
be detected in GFP cells trom Novi recipients 
(Fig. 2D). To exclude the possibility of of target 
effeets of the panicular shor-hairpin sequence 
Used, we used a second shRNA vector targeting 
independent Nov sequences, and we observed 
similar defects in engraftment (fig. $12). These 
data comobon further 
indicate that Nov is required for persistent stem 
cell-dependent 

‘We next examined possible mocha 
failure in primary engraftment by Novi cel, Im- 
munophenotypie analysis of cultured eels 
a rection inthe primitive CD34°CD38 Tin’ come 
partment S13). The failure 
‘of engrafiment coukd also reflect differences in 
cell cycle kinetics or cell survival, which are in 
uence by Nov in other systems (/5). Cell sur- 
vival was found to be unaffected by less of Nov 
Uunler the range of conditions tested (fig. S14). In 
‘contrast, cell cycle analysis showed an increased 
fraction of cultured CD34°CD38 lin” cells in 
GyM phase in Novi, comparal with control vec- 
tor, transduced cells (Fig, 2E). Consistent with 
this, we observed a reduction in p27 expression 

jon (Fig. 2F) (3). 

ether, our studies suggest an in- 
trinsic requirement for Now i. human stem or 
progenitor cell function and point to mechanistic 


ie our in vitro findings a 
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E 1.0) 


NOVH 


Ctrl vector 


defects in Notch signaling and eell eyeling afer 
Nov knockdown. Although it isalready expressed 
the primitive hematopoietic compartment, 10 
corroborate this hypeshesis, we performed gai 
‘function studies to ask ifincreasing Nov levels 
‘could enhance stem andlor progenitor activity 
A FLAG-tagged recombinant human Nov 
protein (chNov) was purified from transiently 
fected 203T celts (Fig 3A), and its effects on 
hematopoictic cells were studied, Addition of 
ive condi- 
A increase in mixed colony 
it- granulocyte, erythrocyte, 
monocyte, and megakaryocyte (CFU-GEMM)} 
onl blood CD34" cells Fig. 3B) 
hanced colony replating (Fig. 3C). There 
change in myelomonocytic or 
ested an effect on 
multipotential, but not more committed, prog 
itors. Furthermore, in the presence of rhNov 
jagged increased total colony output 1.8-f0kt in 
CFC assays (fig. SIS). Next, we expanded cord 
bblood CD34" cells for 10 days under serum-free 
conditions with FIS-L, stem cell factor, throm- 
bopoietin, and imterisukin 6, with or without 
hNov, before assessing LTCIC cultures. The 
can LTC-IC frequency measured by limiting 
dilution, afler 6 weeks, in cells that had ban 
exposed 10 thNov was 2.5 times that of controls 
(Fig. 3D); these effects on LTC-IC frequency of 
Nov are comparable to those reported for Hox B 
fon human cells 27). These data suggest that 
extracellular Noy enhances the function of prim- 
itive hematopoietic cells in vitro, In addition, 


thNov to CFC assays under scrun 
tions caused a 1 
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‘Now was able to reverse the Functional delet 
shown by Novi cells in the progeni 
3E), which provided fi 

far the specificity of the shRNA effects 
To score any additional effets of enforecd 
endogenous expression of Nov, we constructed 
the NOVI plasmid, in which expression of the 
recombinant tagued Nov’gene is controlled by the 
SFEV promoter in the plIR-SIN-CSGW lenti- 
Viral vector (Fig, 3F) (26), Cond blood CD34 
cells transduced with NOVI expressed the Nov 

tranggenc (Fig. 3F)and, in CFC assays, 
a threefold increase in CFU-GEMM (F 
Mimicking the effects seen with purified Nov 
protein, these cells also showed increased LTC-IC 
fiequency when quantified by: limiting dilution 
(Fig. 311). These data suggest that 
tracellular expression of Nov also 
function of primitive hematopoietic 
To test the effects of persistent Nov expres 
sion in vivo, we transduced CD34" cells with 
ither NOVEL or empty-\ector control viruses 
and xenotransplanted them by intravenous injee- 
tion into NODSCID recipients. The viral trans- 
duction efficiencies and levels of GFP expression 
were similar (Fig. 4A), which implied similar 
genomic integration frequencies for cach virus 
(28), When mice were analyzed, the levels of 
GGEP expression in human CDAS" cells were now 
considerably higher in the NOVH than in the 
control vector recipients (Fig. 4B), which sug- 
gested that, in vivo, high levels of Now expression 
(or cells) confer a sek narafiment 
advantage aver low Nowexpressing cells. CD34 
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‘expression was, on average, three times a high 
in GFP cells from NOVI recipients as in those 
from control (CSGW) recipients (Fig. 4€). In 
addition, in each animal, this population exhib- 
ited a CD34°CD3€" fraction four times that of 
GFP* cells, which suggested an expanded stem 
andor progenitor compartment in the virally 
transduced population (Fig, 4D). A. similar in- 
crease was observed using a more stringent im- 
munophenotype (CD34°CD38 Tin Thy!”) for 
stem cells (fig. S16), Consistent with this, the 
LICAC frequency in GEP human cells isolated 

mes 
that in GFP” hurnan eelts from the sume animal 
(Fig. 4E), These NOVI GFP" cells isolated from. 
primary recipients could be maintained in Higuid 
culture for + weeks and still retained CD34 ex- 
pression (fig. S17); by this time, GFP” cells from 
NOVIL recipients and GFP” cells from eontrol 
recipients ha expired. 

In view of the preferential engrafiment of 
Nov" cells, their enhanced LTC-IC capacity, and 
their ability 10 maintain high CD34 expression in 
Fiquid culture, we assessed the effets of enforced 
Nov expression on stem cell seEnenewal, as clas 
sically measured in secondary transplantation as- 
says. Therefore, we intravenously transplanted 
NOVIL ls that had been isokated from 
‘engrafted animals and subsequently cultured for 
4 weeks into secondary recipients at a dose of 
15,000 cells per mouse. The frequency of SRC 
has been estimated to be 1 per 20,700 in cond 
bblood CD34" cells in primary engraftment assays 
(29), and is <1/10th that amount in secondary 
transplantation (30). Thus, We consider 15,000 
cells in a secondary transplant seting to be a 
stringently limiting dose, After weeks, engraft- 
ment was assessed in recipient bone marrow by 
GFP fluorescence (Fig. 4F), and, remarkably, 
iziven the limited cell dose and the intervening 
cculure period between the primary harvest and 
the secondary transplantation, was seen in five 
‘out of five mice injected. To contin engsaft- 
ment, genomic DN from total bone marrow in 
‘each mouse was purified and tested forthe pres 
cence of human DNA by PCR using primers 
specific for human chromosome 17 a-satellte 
sequences (3). Evidence for engrafiment was 
seen in each secondary recipient (Fig. 4G). About 
2M of engrafted cells also expressed CD34 (Fig 
4F), and expression of human CD33 and CD19 
coukl also be detected, which sugwested that 
rmuhitineage engraftment had occurred. 

Using complementary approaches, we have 
identified a ole for Nov in human hematopoietic 
stem or progenitor cell function, which implicates 
it as an essential regulator. The key findings are 
that loss of Nov abrogates primitive progenitor 
function, both in vitro and in vive. Homing, 
survival, and differentiation appear intact, but 
defects in cell cycling and Notch signaling are 
apparent. The requirement for Nov in assays that 
functionally test several types of primitive cell 
raises the possibility that it has an impact on 
‘generic self-renewal machinery common to all of 


from NOVIL recipients was almost seven, 
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these subsets. Miroring these observations, the 
addition of Nov cither extracellularly or by 
‘enforced intracellular expression, enfiances stem 
‘or progenitor read-out in vito. In transplantation 
assays, enforced expression enhances stem cell 
and progenitor cell activity within the grafl, as 
judged by immunophenotype and LTC-IC fre 
quency, as well as secondary trangplantability at 
Timiting dese 
Although the role of NOV in the function 

of primitive hematopoietic cells in other 
species is yet to be tested, our results support 
the notion that Nov is a central regulator of 
these cells in humans. NOV thus provides 
hitherto unexplored axis for understanding the 
critical cell-fate decisions of the hematopoietic 
stem and progenitor compartments 
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Multiple High-Throughput Analyses 
Monitor the Response of 
E. coli to Perturbations 


Nobuyoshi Ishii,*?* Kenji Nakahigashi,'?* Tomoya Baba,**?* Martin Robert,”2* 
Tomoyoshi Soga,*2** Akio Kanai,"#* Takashi Hirasawa,”?* Miki Naba,* Kenta Hirai, 
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‘Analysis of cellular components at multiple levels of biological information can provide valuable 
functional insights. We performed multiple high-throughput measurements to study the 

response of Escherichia coli cells to genetic and environmental perturbations. Analysis of metabolic 
‘enzyme gene disruptants revealed unexpectedly small changes in messenger RNA and proteins 
for most disuptants. Overall, metabolite levels were also stable, reflecting the rerouting of fluxes 


in the metabolic network. In contrast, E.coli actively regulated enzyme levels to maint 
metabolic state in response to changes in growth rate. 


a stable 
oli thus seems to use complementary 


strategies that result in a metabolic network robust against perturbations. 


1¢ complex relationships between differ 
cent layers of biological information that 
Wve rise Wo cellular functions can only 


be captured by combining global measurements 
across these different levels (/-8). Moreover, 


most current global methods such as DNA 
microarray and shotgun proteomic analyses aim 
to interrogate the composition of intracellular 
components rather than to accurately determine 
the quantities of molecules in cells, More quan- 
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titative methods such as quantitative reverse tran- strate can be controlled by the dilution rate (/-4%; perturbations. The lower levels of nucleotides 
scription polymerase chain reaction (qRT-PCR) — the dilution rate was thus varied in this study from _cbserved in some disruptants (elk, pam. pi, prkel. 
and metabolic flus analysis tend to be more tar- an almost glucose-starved state 10 a nearly and jwkF) may reflect problems in quantification 
geted but are essential to detect small changes in elucose supply. Changes in dilution rate owing to the chemical instability 
response fo perturbation. In the present study, we therefore affect growth rate and can be considered extraction efficiency of these molecules, and we 


‘measured the global response of Escherichia coli a specilie type of environmental chang thus provide results calculated including and 
K-12cells to genetic and environmental perturb- To evaluate differences between samples 
tions at the level of protein and gene expression, the various perturbation experiments, we used an To capture the m 


1, we calculated an aver 


and compared this with detailed quantitative expression index (ED) (2), which scales the data in Fi 
ysis of specific metabolic pathway’ tothe same deviations forall molecules examined, average expression index (ABI) (12), for « 
I cellular response, we niless of their nature (SOM text), 50 that type of component (mRNA, protein, and metab 
ative quantities of gene and changes in mRNA, protein, and metabolite canbe oli) and compared them between samples (Fig 
protein expression using DNA microarray anal- compared more easily. Figure 1 shows the Els 2 and tables S10 and S11), One-way analysis of 
ysis and two-limensional differential wel ceetro- derived from the tangted analysis of metabolic variance (one-way ANOVA) and post hoe tests 
phoresis (2D-DIGE) (9), For more detaiksd pathway components FormRNA and protein, the (Games-Howell test) were performed (/2) for all 
analysis, in addition to gRT-PCR and metabolic effects of changes in growth rate are obvious and comparisons to test for statistically significant 
flux analysis, we used capillary electrophoresis appear to be layer than the effects of most gene — differences (P< 0108) (SOM tex!) 
time-of-flight mass spectrometry (CE-TOFMS) disruptions. In contrast, except for nucleotic At higher growth rates, the AEL for mRNAS 
for metabolomne analysis (10, 12) and liquid changes in metabolites did not show any distine- and proteins gradually increase! in both 
chromatography tandem mass spectrometry tive pattems, which coukl indicate different and global quantification methods, suggesting 
(LC-MS/MS) for absolute quant responses in metabolite levels against va that E.coll actively regulates global gene ancl 
ins (J2), As molecular tanget 
more dtailed quantitative analyses, we seketed Fig, 2. Overall repre- 
genes, protcins, metabolites, and fluxes that make sentation of changes in 
Up the bulk of reactions of the central carbon the targeted cellular 
metabolism of E oli K-12, xolysis, components. The heat 
the ps imap shows the El values 
of intracellular compo- 
pathways play a crucial role in enengy ion nents that were detected 
and in the production of important macro- #9 more than half the 
verize Samples. RF, reference 
sample (wild-type cells 
cultured at a specific 
growth rate of 0.2 
hours); GR, wild-type 
cells cultured at the ind- 
cated specific growth 
rates; KO, single-gene 
knockout mutants cul- 


molecular precursor 


the cellular re 
fulfill basic metabolic newts. and 
surowth phenotype. 

We collected data using these multiple 
throughput analyses for wild-type E. coll K-12 
and 24 single-gene disruptants, which were 
selected from the Keio collection (/3) and eover 
most viable glycolysis and pentose phosphate — tyre ata specific qrowth 
puchway disruptants (ie. gall elk px Pai. rate of 0.2 hours The 
tka, pikB,fhp, fhaB, zapC. gpmd.epmB. PvkA. —umbers of individual 
PYAR: pps 2wh pal sr. yes (PCL, pi KAA. components shown. are 
‘MiB. tld, and 1alB). The cells were ysown at a metabolites, 130; pro 
single fixed dilution rate of 02 hours" in teins, 57; and mRNA 
ishucos wd wild transcripts, 85. The same 
type cells cultured type of representation, 
Were used as a reference sample for comparison. including all component 
To allow a comparison of the effects of these names, i shown in fig 
genetic perturbations with the effects of en- $3, and al El values are 
Vironmental perturbations. wikl-type cells were shown in table $8, 
ed at several different dilution rates (0.1 
4.03, and 0.7 hours"), In chemostat cul 
tures, the concentration of growth-Kiiting sub 


onse 10 disruptions in order to 
in the 


cation 


nucleotide 


mited chemostat cultures. 


protein 
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protein levels 10 meet increasing metabolic 
demands (Fig. 2, A, C, and D), in contrast the 
AEL values for metabolites didnot change 
cantly with growth rate, This relative 
in metabolite level may be a conse 
{quence of the observed regulation oF enzyme 
levels, Closer examination of particular compo- 
nents revealed the induction and repression. of 
mRNAs and specific enzymes after a change in 
specific growth rite (Figs. $3 and $6). The levels 


A 


‘of proteins involved in glucose uptake (PIs and 
Prsl) were induced considerably when the 
spevific growth rate increased. This is to be 
expected, because substrate uptake is the fist 
step in fulfilling nutrient demands. The observed 
increase in the expression of phosphoenolpyr- 
uuyate carboxylase (Pp), decrease in the expres- 
sion of phosphoenolpyruvate carboxykinase 
(PekA), and repression of glyoxylate shunt 
enzymes are alo logical responses to enhance 


ie 
| ; 
PF "i Tt 


a 


Fig. 2. AEI values for mRNA, protein, and metabolite levels. RF, GR, and KO are defined in the 
legend of Fig. 1. (A and B) The AEI values of a specific sample are represented as a heat map. The 
three panels in each box show three quantitative values corresponding to the AEl for mRNAS as 
determined by qRT-PCR (left paneD, proteins as determined by LC-MSIMS (middle paneD, and 
metabolites as determined by CE-TOFMS (right paneD, respectively. (A) AEI values for GR. The 
labels in each row of the heat map correspond to either a specific growth rate (hours) or the two 
reference samples (RFO2 and RFO3). (B) AEI values for all gene disruptants displayed at their 
respective locations on the metabolic pathway map. Abbreviations for metabolites are as shown in 
table S1. (C) Quantitative measurements obtained by targeted analysis. (D) Semiquantitative cell- 
wide measurements. The numerical values are provided in table S9. In (C) and (D), numbers 1, 2, 3, 
and 4 correspond to specific growth rates of 0.1, 0.4, 0.5, and 0.7 hours-*, and numbers 5, 6, and 
7 correspond to rpe, pgi, and pgm disruptants, respectively. 
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the tricarboxylic acid cycle Mux (2), which 
conesponds 10 enerey production under aerobic 
conditions and the components of which are 
Important precursors in biomass production, 

{In contrast to the changes observed in wilde 
type cells cultured at various growth rates, most 
gene disruptants showed only subtle changes in 
AEls for both mRNA and protein of central 
carbon metabolism enzymes, which fell within 
the range of variations observed in wilt 
samples at the same specific growth rate (Fig, 
2C), The AEL values for these targeted analyses 
fof mRNAs and protcins in all disruptants were 
ssmaller than the AEI values observed for wild- 
ype cells at a specific growth rate of 0.7 hours ', 
and the difference was significant in 23 dis- 
ruplants for mRNAs and in. 16 disruptants for 
Proteins. Similar results were objained for the 
AAEI values representing the global analysis of 
mRNA and protein expression (Fig, 2D), These 
findings sugaest that E.coli docs not appreciably 
respond to the loss of a single contral carbon 
‘matabolism enzyme by regulating the abundanee 
of other compensatory enzymes, This was 
cepecially apparent when examining changes in 
the expression of genes encoding isozymes of the 
respective disrupted enzymes (fig. SS), Isozymes 
that might be expected to compensate forthe loss 
fof an important enzyme were not up-tegulited, 
although many were induced at higher growth 
rates. The two exceptions to this genenal pattem 
‘were the induction of p/KB in the pf disruptant 
and the very considerable induction of 7B in the 
pid disruptant. However, in both cases, we 
found that cells accumulated additional: muta 
tions that are known t0 induce expression of the 


isozymes (/5, 1/6), Therefore, the induction of 


these genes was not solely dependent on diteet 
regulation (SOM text), It seems apparent that, 
except for these genes, enzymatic capacity. fs 
already expressed in the cell through structural 
redundancy (presence of isozymes and/or 
altemative routes). 

The AEI values for metabolites in three 
dlismuptants (gm, pei and rpe) were higher than 
those of wild-type cells at high specific growth 
rates (0.5 and 0.7 hours!) (Fig. 2C). This 
phenomenon does not appear to be caused by 
the problems associated with nucleotide mea- 
surements in some disruptants, because similar 
results were oblained even when nucleotides 
were exchaled from the AEI calculation (Fig. 
20), In the rpe disruptant, which had a particu 
larly high ABI for metabolites, the levels ofa few 
finked metabolites were increased 10 a lange ex 
3A,rpe). However, these local changes 
‘were not responsible forthe lange metabolite AEL 
for this particular disruptant, Also, an overall 
stability in metabolite levels, ic., low AEL, was 
‘maintained in most disruptants, even if the local 
metabolic network was perturbed (Fig, 2B and 
Fig, 3B, salB), This stability of metabolite levels 
is likely achieved through structural robustness of 
the metabolic network itself 7, 28), even when 
considerable rerouting of fluxes occurs. For eX 
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ample, in the =f disruptant, the overall flux 
within the pentose phosphate pathway was 
reversed to compensate for the blocked route for 
the production of essential molecules, but, n= 
Terestingly, this task can be achieved without lange 
changes in enzyme levels in the pathways in- 
volved (Fig, 3C and table S53). 

Our results reveal that the intracellular 
metabolic network of E coli is remarkably 
stable and robust in the face of various types of 


Fig. 3. Perturbations in 
the local metabolic net- 
work caused by enzyme 
gene disuptions. The El 
values for proteins (circled) 
and metabolites (boxed in 
‘pe (A), tlB (B), and anf 
(© disruptants are shown 
mapped onto the local 
metabolic network. The 
disrupted enzymes are 
hightighted with an X, 
‘and the specific reaction 
‘eliminated by the dis 
ruption shown with a 
dashed ine, Reactions 
indicated with red. arrows 
are running in the dliec- 
tion opposite to that in the 
wild-type. Colorless sym- 
bls represent components 
that were not measurable, 
and components not de- 
tected inthe specific mir 
tant are shown with an 
asterisk 
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disturbances. Highlighting the functional im- 
portance of this global stability for efficient cell 
‘growth, E.coli can actively respond to change 
in the concentration of growth-limiting substrate 
by regulating the level of enzyme expression to 
maximize growth rate, which is reflected in the 
observed stability of metabolite Ievels. Using 
this strategy, E coli can react quickly and 
effectively to this environmental change, but 
the strategy might be costly, because the cell 


must provide additional systems (such as sensor 
Proteins, signal mediators, and transcriptional 
regulators) to detect and react appropriately to 
each specific perturbation. Because active re- 
sponse to the environment at the level of gene 
expressions is a widespread phenotype of E: 
coli this might be a common strategy that the 
cell can use when it faces environmental 
changes. This strategy contrasts with the finding 
that E.coli does not appear to react significantly 
to the disruption of most single metabolic 
bby regulating multiple other MRNA or protein 
levels. In this case, structural redundancy in the 
metabolic network itself provides the necessity 
robustness (/9, 20), allowing the levels of most 
metabolites to remain constant, although some 
localized perturbations are inevitable. This 
strategy is Tikely to be less costly than the one 
mentioned above, because itrequites no specific 
sensors for each mutation, while providing 
resistance against many of these mutations. 
Even if this strategy appears insufficient in the 
face of some mutations, E. coll may survive by 
accumulating additional mutations, as we 
observed for pfkd and rpid disruptants, Using 
niphe stra thus enable E, coli to 
‘maintain a stable state when exposed to various 
types of perturbations, Additional information is 
lable at the project Web site (27). 
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A Synthetic Maternal-Effect Selfish 
Genetic Element Drives Population 
Replacement in Drosophila 


Chun-Hong Chen,? Haixia Huang,” Catherine M. Ward,* Jessica T. Su,” 
Lorian V. Schaeffer,” Ming Guo,” Bruce A. Hay'* 


One proposed strategy for controling the transmission of insect-borne pathogens uses a drive 
mechanism to ensure the rapid spread of transgenes conferting disease refractoriness throughout 
wild populations, Here, we report the creation of maternal-effect selfish genetic elements in 
Drosophila that drive population replacement and are resistant to recombination-mediated 
dissociation of drive and disease refractoriness functions. These selfish elements use microRNA- 
mediated silencing of a maternally expressed gene essential for embryogenesis, which is coupled 
with early zygotic expression of a rescuing transgene. 


‘oxyuitoes with a diminished capacity 
M: transmit malaria oF dengue have beer 
identified in the wikl andor created in 
the laboratory. demonstrating that endogenous or 
engineered mosquito immunity can be hamessed 
to attack these pathogens (/-5), However, it will 
be necersary 10 rephice a large percentage of the 
\wild mosquito population with retiactory insects 
to achieve substantial fevels of disease control 
(6-8), Mosquitoes carrying genes that confer dis- 
‘ease reffactoriness ae not expected 10 have a 
higher fitness than native mosquitoes, implying 
that Mendelian transmission is unlikely to result in 
an increase in the frequency of transyenc-bearing 
individuals aller their initial release into the wil 
(4.9). Thus, effective population replacement will 
require the coupling of genes conferring disease 
reffactoriness with a genetic mechanism for driv- 
these genes through the wikd population at 
‘greater than Mendelian frequencies (10, 11) 
Matemal-clfet selfish zenetic elements [first 
described in the flour beetle Triton castaneum 
and known by the acronym Medea (miatemal- 
effect dominant embryonic arrest) | select for their 
‘own survival by inducing maternal-etfectlethal- 
ity of all offspring not inheriting the element- 
bearing chromosome from the matemal and/or 
pitlemal geriome (12) (Fig. 1A). Current models 
predict that if Medea elements are introduced 
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into a population above a threshold frequency, 
detennined by any associated fitness cast, they 
will specad within the population (2-14) (Fig. 1. 
‘Cand D). When introduced into a population at 
relatively high frequencies, Medea elements are 
‘predicted to rapidly convert the entire population 
into clement-hearing heterazygotes and homo- 
~rygones (Fig. IC) Medea in Tribotiun is hypoxt 
sized to consist of a maternal lethal activity (a 
toxin) that kills non-Mevea- bearing progeny and 
4 zygotic rescue activity (an antidote) that pro- 
tects Medea-bearing progeny from this material 
Aethal effect (12, 15) (Fig. 1A). 

To create a Meiew-like matemaleffoct selfish 
skenetic clement in Drasuphila, we penerated a P 
transposable clement vector in which the maternal 
‘germline: specific bicoid (bic) promoter drives the 
expression of a polyeistronic transcript encoding 
‘two microRNAs (miRNAs) designed to sileno 
expression of mis (the gene producing the 
toxin) (Fig. 1B and (/6)]. Maternal Myd88 is 
requined for dorsal-ventral pattem formation in 
carly embeyo development. Females with germ- 
Fine toss-oFfunetion mutations for myul8N gi 
rise to embryos that lack ventral structures and 
thus fail to hatch, even when a wildaype (WT) 
Paternal allele is present (/7). This vector (known 
as Make?) also carries a matemal miRNA. 
insensitive mfS8 transzene expressed under the 
control of the early embryo-speciic botleneck 
(nk) promoter (he gene producing the zygotic 
antidote) (Fig. 1B), Our analysis focused on flies 
carrying a single aulosomal insertion of this 
‘element, Merfea™*** 

‘Matings been heterozy ous Mele 
males (Where * indicates a chromosome that 


does not cay Medea") and homozyzous 
females resulted in high levels of embryo 
viability, similar to those forthe Ww?” strain used 
for transformation (Table 1). In addition, 30% of 
the adult progeny carried Meded™™", as 
expected for Mendelian segregation without 
dominance, Matings among homozygous 
Mexdeu™*"*" flies also resulted in high levels 
‘of exe viability. In contrast, when heterozygous 
Meved"™*"> females were mates with homo- 
azygous +/* males, ~S0% of progeny embryos 
had ventral patteming defects (fig. S1) and did 
‘vot hatch (Table 1). All adult progeny (1 > 
12,000 fli) carried Mee" (Table 1), On 
the basis of these data and the results of several 
cther crosses (Table 1}, we informed that a single 
copy of bic-triven miRNAs targeting maternal 
expression was sullicient to induce 
maternal-cffect lethality and a single copy of 
zygotic hnk-driven nnulS¥ expression was sul 
cient for rescue, 

The above observations, in conjunction with 
the lack of any obvious fitness effects (lethality) 
in individuals carrying one oF Wo copies 0 
Medea, suggested that Medea"! 
should be able o deive population replacement 
‘To test this prediction, we mated equal numbers 
of WT (6%) and Meded™™*"/Medeu™™* 
males with homozygous #/ females, giving rise 
to a progeny population with Medea" 
present at an allele frequency of ~25% (16), This 
level of introduction, although high, is. not 
‘unreasonable, given previous insect population 
suppression programs (78). Replicate population 
cage experiments, carried out ina darkened 
incubator to prevent Meded"™™*" bearing fies 
(which are P*™ and thas red-cyed) from obtaining 
any vision-tependent advantage over their 
counterparts (which are w/"" and white-cyed) 
(19), followed three replicates for 20 generations 
A sccond set of four replicates, which were 
initiated by crossing heterozygous Medea" 
males with homazygous + females, Was fol 
lowed for 15 generations. In both experiments, 
non-Meded"*" bearing Mies permanently dis- 
appeared from the population between generations 
Wand 12 (Fig. 16), without loss of non-Matea 
bearing + chromosomes (in Medea™*" 
individuals) inthe population (Fig. IF). The ob- 
served changes in Medea?" were not signif 
icantly different from the null hypothesis thatthe 
clement had no fitness cost (/6) and fig, $2), al 
though we cannot exclude the possibility that a 
Medea™***"- associated cost is counterbalanced 
by an unknown negative eflect associated with 
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the w/”"" mutation in ++ individuals. Finally, we 


arried out three further replicate population 
age experiments in which the Medea™**" 
transgene was introduced at a frequency of 25% 
ino the Oregon-R strain, which is WT with ne 
spect to the endogenous ve focus (and thus mem- 
bers of which are red-eyed). Evidence for 
Population replacement by generation 12 was 
‘observed in this context as well (/6), suggesting 
that Medeut™*"! associated P** expression is 
unlikely to bea major contibutor to the ability of 
Mated"®*" to drive population replacement 

ny wene-drive mechanisin to be suecess~ 
{ul in reducing parasite transmission, there must 
be tight linkage between the genes that mediate 
rive and effector functions (0), Ifthe driver be~ 
‘comes separated ffom the effector gene through 
homosome breakage and nonhomologous end 
1 reciprocal translocation) (Fig 
ector gene carries a fitness cost, 
Wor andl promote the spread of 
ing Medew elements that lack the 

. Locating the elfector gene 
between the toxin and antidote prevents a sin 
chromosome breakage and end joining even 
from creating a Meded*"“-bearing chromosome 
2B) However, it does not prevent the 
(caring chwomosornes that 
ceany the perhaps the effector, bat 
not the toxin (Fig, 2B). Madeu™ bearing chro- 
mosomes are insensitive to Medewlependent 
Killing. IP the presence of the toxin andor the 
effector resuls in a fitness cost, then Meded™- 
bearing chromosomes gain a fitness advantage 
With respect to those carrying the complete 
Mate element, thereby promoting spread of the 
firmer. This outcome can. lead to the reappear 
ance of pathogen-transmittng insects (4), 

One way t& prevent chromosome breakage 
and end joining: mediated fomation of Mecded*=™ 
and Medea clements is to put the toxin and ef 
{ctor genes ino an intron of 
‘Totest this approach, we wo 


ted flies carrying 


P*"Madea"™™*, in which the toxin, a transcript 


v8, was ly 
‘express antidote, hnk-lriven md, inthe oppo 
site orientation (Fig. 2D). We characteriza the be- 
havior of one autosomal insertion of this element 
Maded"™**"", which behaved as.a matemal- 
effect selfish wenetic element (Table 2). Females 
heterozygous for Medeu * gave rise to a 
high frequency of Madea". carrying prog- 
ceny 99%), and the matemal-etfect lethality asso 
ciate with a single copy of P™ Mexleu™™™"" 
was rescued by zygotic eypression of the antdo 
from cither the matemal or patemal genome 
(Table 2). However, when homozygous ekment- 
bearing females were crossed with non-clement- 
bearing males, progeny embryo survival was very 
poor (-20%), suggesting an inelicient zyzotic 
rescue, perhaps resulting from inefficient splicing 
(of the mmuiS8 aniticial intron. Population replace- 
iment for an element with these fitness character- 
is sill expected to occur, though with some 
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delay (fig. S3) as compared to that for an element 
in which the fies costs area simple function of 
copy number in cither sex (Fig. 1, C and D), 


Meded**-bearing chromosomes can also arise 
ifthe toxin mutates to inactivity. Athough toxin 
‘mutation cannot be prevented, the use of 


Toi ta we 18 20, 


it zi 


oF. 6 8 wa Mw em Ee 
Fig. 1. Characteristics of a maternal-effect selfish genetic element (Medea) and a synthetic Medea element 
in Drosophila. (A) i's postulated that females heterozygous for Medea (Medeal+) deposit a protoxin or 
toxin (red dots) into all oocytes. Embryos that do not inherit a Medeo-bearing chromosome die because 
toxin activation or activity is unimpeded (bottom left square). Embryos that inherit Medea from the 
maternal genome (top left square), the paternal genome (bottom right square), or both (top right square) 
survive because zygotic expression of a Aedea-associated antidote (green background) neutralizes toxin 
activity. (B) (Top) Schematic ofa simple molecular model that accounts for Medea behavior postulates the 
‘existence of two tightly linked lod. One loais consists ofa maternal germline-specifc promoter that drives 
the expression of RNA or protein that s toxic tothe embryo. The second locus consists ofa zygotic promoter 
that drives the expression of an antidote, (Bottom) Schematic of Medea" is shown. ORF, open reading 
frame; Mir 6.1-Myd88-142, transcript encoding two copies of Drosophila miRNA 6.1 modified to target the 
myd88 5' untranslated region. (© Frequency of genotypes lacking Medea for an element carrying the 
additive fitness costs indicated, over generations, with Medea introduced at a 1:1:2 ratio of homozygous 
‘Medea-bearing males, non-Medea-bearing males, and females lacking Medea, Generation zero refers to 
the wild population (non-Mledeainon-Medea = 1) before population seeding. Generation one refers to the 
progeny of crosses between these individuals and homozygous Medea-bearing males. (D) Frequency ofthe 
non-Medeo-bearing cromasome forthe populations described in (Q. (E and F) Medea™®* drives 
population replacement in Drosophila. * was introduced into seven population cages at an 
allele frequency of ~25% (16). (E) The frequency of genotypes lacking Medea (+/+) over generations i 
indicated for two separate sets of population cage experiments, involving three (green lines; 20 
generations) or four (blue lines; 15 generations) population cages each. The predicted frequency of 
‘Genotypes lacking Medeo, fora Medea element with zero fitness cost (introduced at an allele frequency of 
25%) is indicated by the red line, (F) The frequency of the non-Medea™*®*"+—bearing chromosome 
(+iMedea and +/+) over generations from the population cage experiments in (Eis indicated as above, 
as i the predicted frequency for an element with zero fitness cost. 
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Table 1. Medea™** shows maternal-effect selfish behavior. Progeny of crosses between parents 
bearing chromosome; + refers to the 
rnon-element-bearing homolog) are shown. The maternal copy number (0 to 2) of bic-driven 
miRNAs targeting the endogenous myd88 transcript (maternal toxin) and zygote copy number (0 
to 2) and percentage of embryos inheriting bnk-driven myd88 (zygotic antidote) are 


of several different genotypes (M refers to the Mede 


are the adult progeny genotypes predicted for Mendelian inheritance of Meded’ 
percent embryo survival. -, not measured. The asterisk denotes that embryo survival was nor- 
malized with respect to percent survival (+ SD) observed in the w® stock used for transgenesis 


(97.1 + 0.7%). 


REPO! 


miRNAs as toxins can provide a degree of 
redundant protection because multiple miRN, 
cach processed and functioning as an indepen 
dent unit, can be linked in a polycistronic 
transcript [(Fig. 1B and (/6)|. The use of 
miRNAsas toxins also provides a basis by which 
selfish genetic clement drive can be limited to the 
target species. Medea elements only show drive 
When matemal-ellect lethality creates an oppor 
tunity for zygotic rescue of progeny that 
the clement. Therefore, drive ean be lini 


dicated, as 
re and the 


lohattid by the species by th fF miRNAs th 

niawee asian a ihe species by the use of miRNAS tha 
SHEL SENOHYPE “Cocyte Embryo AO PrngenY Oe embryo survival (my sPeciesspecific in their ability 10 tanget the 

Male Female Maternal Zygotic Predicted Observed rmagcmally expressed gene of incre 

‘este sation ba 0) Perhaps the most likely point of fire in any 
population-replacement strategy involves. the 
We te a ue eo weed efector, Effector genes can mutate 1 inactivity, 
> ewating Medea™™-bearing.ehromosomes. In 
LM bed : ‘ oy ~ mo Ss Be addition, parasites may undergo selection for 
+ Me ae ey ® resistance to these ellictors, These events as well 
fe ie * HA nie bas renee as the possible appearance of Mevled™-bearing 
- =f) sd chromosomes discussed above, will Iead t0 the 
7 reappearance of permissive conditions for disease 
We we 2 i: - me * maneOS, transmission, Therefore, itis important that strat- 
uae «gies be available for removal of an element fom 
7 the population, followed by its replacement with 
We WM 2 ay 2 a . Saat a new element, One potential strategy for 
? fitz 7 zi an ~ vane achieving this goal, in which different Medea 
+ q : a Os cements located at common stein dhe enon 
WM o 4200100 08205 compete with each ether for omline transis 


Fig. 2. A strategy for enhancing 
the functional lifetime of Medea 
elements in the wild and for 
carrying out cycles of population 
replacement. (A to D) Locating 
‘Medea toxin and effector genes in 
fan intron of the antidote prevents 
chromosome breakage and end 
joining-mediated separation of 
drive and effector genes and cre- 
ation of Meded"-bearing chromo- 
somes. (A) to (C)] Medea constructs 
with different gene arrangements 
are shown, Sites of chromosome 
breakage and end joining with a 
second nonhomologous chromo- 
some are indicated by the crossed 
lines. Recombinant products refered 
to in the text are indicated by thick 
ines, the color of which indicates 
the centromere (solid circles) in- 
volved. (A) Recombination at site 
‘1 generates a Medea™-bearing chro- 
imosome that carries the effector. 
Recombination at site 2 generates a 
‘Medea“"-bearing chromosome, (B) Recombination at site 1 or site 2 
‘generates a Medea"-bearing chromosome. (C) Recombination at sites 1 to 
3 generates benign chromosomes that cannot show or 

behavior. (D) Schematic of Medea™***". Splice donor and acceptor sites are 
indicated in large red letters, with the branchpoint and polypyrimidine stretch 
in small red letters. (E and F) A strategy for carrying out cyces of population 
replacement with Medea. (E) A first-generation Medea element (sledea”), 
driven by Toxin" and Antidote’, is integrated into the chromosome [thick black 
with centromere (sold circle) atthe right] ata specific position triangle). 
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‘A second-generation Medea element Medea"), driven by Toxin? and 


Antidote", can be integrated at the same position using site-specific 
recombination (24). Locating both elements at the same position timits the 
possibility of homologous recombination creating chromosomes that cary 
both elements. (F) Because progeny carrying Meded? ae sensitive to Toxin"*?, 
the only progeny of females heterozygous for Medea™* that survive are those 
that inherit Medea”, regardless of their status with respect to Meded". In 
contrast, the progeny of Medea" females that fail to inherit Medea" survive if 
they inherit Antidote” as a part of Medea"**. 
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Table 2. Med “st shows matemaleffect selfish behavior. Progeny of crosses between 
parents of several different genotypes are shown, and notations are the same as those in Table 1. 
Inherited by the 
Parental genotype ‘Adult M progeny (%) 
oes Docyte Embryo Embryo survival (96)* 
Maternal Zygotic antidote p, 
Male Female Min tn, 8s) Predicted Observed 
We +e 0 0,50 50 By BA 206 
1,50 (a = 5000) 
wm WM 2 2, 100 100 : 98.6 +08 
He Me 1 0, 50 50 995 48.7 206 
1,50 (0 = 5000) 
wh We 1 1.50 100 - 98.4 +07 
2.50 
We We a 0,25 15 - 6212 
1.50 
2.25 
w+ MM 2 1,50 100 - 572215 
2.50 
+e WM 2 3,100 100 - 202211 
whit 0 2,100 100 : 98.5 = 0.7 
sion in transheterezy gous females, is illustrated 7. 1M Ribera MG Kite. Mle Entomol. 32, 10 (1994), 


E and 
Our data show de nove synthesis of a selfish 
wenetic clement able (0 drive itself into a 
Population, This laboratory demonstration not- 
withstanding, several obstacles remain 10 the 
implementation of Medea-based_ population 
replacement in the wild, First, Ror pests such as 
mosquito species, there is litle genetic or 
molecular information regarding wenes and pro- 
inoters used during oogenesis and early embryo 
genesis. This infonmation is straightforward to 
‘generate, With the use of transcriptional profiling 
to identify appropriately expressed genes and 
transgenesis. and RNA interference in aduk 
fomales to identify those required for embryonic 
development, but it remains tbe acquired. In 
addition, current modes of the spread of Medaw 
do not take ino account important real-world 
Variables, such as migration, nonrandom mating, 
and the fet that important disease vectors such as 
Anopheles: sambiae consist of maltipte partially 
reproductively isolated srains (20, 27). Although 
an understanding ofthe above sues i ertical for 
the success of any population-replacement strat- 
«egy, the problems are not intractable. as evidenced 
by past socesses in controlling pests by means of 
sterilesmale release (/8) and as implicd by our 
‘growing understanding of mosquito population 
‘genetics, immunity, and ecology (20-23). 
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Modeling the Initiation and 
Progression of Human Acute 


Leukemia in Mice 


Frédéric Barabé,’77** James A. Kennedy,©** Kristin J. Hope,** John E, Dick™*t 


‘Our understanding of leukemia development and progression has been hampered by the lack of in 
vvivo models in which disease is initiated from primary human hematopoietic cells. We showed that 
upon transplantation into immunodeficient mice, primitive human hematopoietic cells expressing a 
‘mixed-tineage leukemia ML) fusion gene generated myeloid or \ymphoid acute leukemias, with 
features that recapitulated human diseases. Analysis of serially transplanted mice revealed that the 
disease is sustained by leukemia-initiating cells (L-ICs) that have evolved over time from a primitive 
cell type with a germline immunoglobulin heavy chain (IgH) gene configuration to a cell type 

containing rearranged IgH genes. The LCs retained both myeloid and lymphoid lineage potential 


and remained responsive to microenvironmental cues. The properties of these cells provide a 


biological basis for several clini 


emic blast cells have the potential wo initiate 

recapitulate disease when transplanted 
into immunodeficient mice (/-3). To date, these 
approaches have not permitted identification of 
the cell typets) from which leukemia-inititing 
cells (L-CS) originate oF assessment of how these 
LACS phenotypically evolve during disease pro- 
gression. In order to investigate these questions, 
wwe have developed an in vivo model of keukemia 
initiated from primacy human hematopoictic cells. 


E human leukemia, only a subset of leu- 


L hallmarks of MLL leukemias. 


Over 30% of infant acute leukemias ex- 
hibit rearrangements of the mived-tineage leit 
emia gene (MLL, also termed ALL-1 and HRY) 
at human chromosome 11q23 (4). Translo- 
cations of MLL 10 >40 different partner genes 
have been identified, and the resulting fusion 
proteins are strong transcriptional activators 
that drive the aberrant expression of homeobox 
family genes (5). In view of the potent oncogenic 
properties of MLL fasion genes, we tested the 
Jeukemogenic potential of MLL-elewrnineteen 
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Jeukemia (ENL), the product of W11:19) that is 
found in both acute myeloid leukemias (AMLs) 
and acute lymphoid leukemias (ALLS). A fineage- 
depleted fraction of human umbilical cord blooxt 
‘enriched for slem and progenitor cells (Lin CB) 
Was infected with either a retrovirus encoding 
MLL-ENL and an enhanced green fluorescent 
protein (EGFP) marker gene or a control retro- 
Virus encoding EGFP only and then injested into 
sublethal irradiated immunodeficient mice (6). 
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‘The recipients of cells transduced withthe control 
retrovirus (hereafter referred to as control mice) 
displayed no overt pathology. In contrast, >75% 
‘of the mice receiving ML-ENL- transduced cells 
(hereafter referred to as MLL-ENL mice) were 
dying within 135 days of transplantation, ap- 
pearing pale and lethargic (Fig. LA), Postmortem 
analysis revealed splenomegaly and generalized 
lymphadenopathy (fig. $1), and in 26 out of 
29 MLL-ENL mice. L1 type lymphoblasts were 
found in the blood and bone marrow (BM), 
Which is consistent with the development of 
ALL As in the human discase, these cells also 
infitrated the liver, lungs, kidneys, brain, and 
testes (Fig. 1, B and C, and fig. S2A). To assess 
the lineage and maturation stage of the leuke~ 
mic blasts, human grafts were studied by flow 
cytometry (Fig. 1, D and E, and fig. $3). In 
control mice, the human graft made up 76 

15% of the BM and consisted mainly of teu- 
Kocytes expressing the pan-B cell marker 
CD19, with a minor population of myeloid cells 


D 


of Lt 
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(CD33°CDIF), as previously described (7). In 
contrast, in MLL-ENL mice, the human graft 
‘made up 96 = 2% of the BM and consisted almost 
exclusively of B cells. The human B cell popula- 
tion in control mice showed evidence of nomal 
terminal differentiation, whereas in MLL-ENL 
mice, these cells were amrested at the pro-B cell 
stage of differentiation (CD19", CD27, IgM, 
and [D> (N), Ths, the cell surface phenotype 
and issue-infiration pattem ofthe leukemic blasts 
seen in this model resemble thase observed in 
B-ALL patients with this translocation (Y, 10) 
B-precunor ALL has rarely been observed in 
previous work where various MLZ fusions were 
Studied in transgenic mice or by murine BM 
transplantation (11-17), 

‘We next tested the Ieukemogenie potential of 
MLL-AFY, « different fusion gene predomie 
nantly associated with AML (5, 14), Clinically, 
different MLZ fusions are associate! with distinct 
fiequencies of myeloid and lymphoid leuke- 
mis, In contrast 0 our 


Fig. 1. Morphology, tissue infiltration, and immunophenotype 
juced ALL and AML. (A) Kaplan-Meier survival analysis 
‘of control and AILL-ENL mice. n, number of mice. (B) Blood 
smears and BM cytospins [May-Grinwald-Giemsa (MGG) stain- 
ing] of representative mice injected with control cells, MLL-ENL 
transduced cells, and MLL-AF9 transduced cells. Scale bars, 10 


Jum. (C) Organ infiltration by lymphoblasts in a representative AILL-ENL mouse. Tissue sections are stained with hematoxylin and eosin (H&E) and with 
‘a human-specific antibody to CD45. Scale bars, 100 jum (lung, kidney, and testis) or 25 um (brain). (D and E) Flow cytometric analysis of BM and 
blood from representative mice with MILL-induced B-ALL. The upper row in (D) shows the human erythroid cells (GlyA" cells) and the human leukocytes 
(CD45*GlyA” cells) that compose the human graft; the cells of mouse origin are in the lower left quadrant (CD45 GlyA” cells). Contour plots are gated 
‘on all live cells [upper row in (D)] or on human CD45* cells [(D), tower row, and (6). 
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Lin” CB cells expressing MLL-AF® initiated 
both B-lymphoid and myeloid disease upon 
transplantation (Fig. 1, B, D, and E: figs. S2B, 
$3, and $4: nd table S1). Eight of 16 MLLAF9 
mice developed B-precusor ALL with features 
identical to those noted with MLL-ENL, Two 
mice developed AML, characterized by myclo- 
monocytic blasts in the blood and BM with dif 
fuse onsan infiltration, This disease corresponds 
‘phenotypically to the myelomonocytic oF mono- 
blastic Ieukemias seen in the majority of patients 
With MLL-AFY translocations. \ single MLLAF9 
mouse developed a mixed leukemia composed 
of both B-lineage lymphoblasts and myeloblasts 
Thus, as seen in mouse models of MLL leuke- 
rmias and in patients, the identity of the fasion 
partner plays an instructive role in determining 
leukemia lineage in our model (18). 

je SI summarizes the data corresponding 
1o all primary mice from six independent trans- 
duction experiments, Using the clinical detini- 
tion oF human leukemia 20% blasts in the 
BM), we found that 78% of mice (35 out of 45) 
Injected with cells expressing MLL fusion yeres 
developed leukemia in Kes than 19 weeks, and 
two mice were prefeukemic when they were 


A 


ql uJ 


killed (<20% blasts in the BM, but present in 


‘blood and peripheral organs). Among mice that 


engrafted with transduced human cells, 
developed disease (8), This high penetrance 
fof leukemia and the short latency 10 disease 
suggest that MLL fasion genes ficiently initiate 
Jeukemogenic programs and that mirimal coop 
‘rating events are required for the development of 
fully transformed keukemic stem cells that are ea 
puble of sustaining ageressive disease. These re- 
sults ckarly contrast with moxkls of solid tumors 
‘that required at feast thre different oncogenes to 
transform primary human cells (9-27), 

For LICs to sustain and propagate disease, 
they must selfrenew. We asexed the self 
renewal of MLL-dkrived LICs by serial trans- 
plantation. BM cells from control, MLL-ENL, 
and MLLAFY primary mice were transplanted 
into 34 secondary recipients (table S2). Atler 1S 
Weeks, the BM fiom controls generated no 
detectable human grafts in secondary mice. In 
contrast, recipients of BM from MLL-ENL and 
MLL-APY mice were engrafted with human cells 
and developed leukemia of the same pheno 
type (cell surfice markers and ongan involve- 
ment) as the comesponding primary mousc, but 


Enzyme: Boll 
Probe EGFP 


Fig. 2. Clonal analysis of MLL-induced leukemias. Southern 
performed by digesting OW wi he insted ences and probing wah 
either an EGFP cDNA probe (to assess retroviral integration) or a probe specific 
for the region 3" to the ly segments of the human IgH locus (IGHJ6) (to analyze 
gH gene rearrangement). All secondary recipients were derived from BA cells 
‘of the primary mouse analyzed on the same membrane. (A and €) Black arows 
(control mouse) and solid arrowheads (leukemic mice) indicate clones with 
unique proviral insertions. The open arrow in (O indicates 2 novel cone 
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with a shoner latency (fig. $5). Secondary trans- 
plantation of limiting doses of leukemic blasts 
From primary mice allowed us to estimate that the 
LAC frequency was >em cells (table $3), 

To investigate self-renewal at a clonal level, 
retroviral insertion sites were analyzed by South- 
em blotting, The transduced human graft in 
the BM of control primary mice was derived 
fiom two 10 five clones (Fig. 2A), as previously 
reported (7). In all MLL primary mice, the teu- 
kemic gratis were composed of either one or two 
major clones with variable numbers of minor 


contributors (Fig. 2, A and C, and fig. $6), In 
general, the predominant clone foe a pit 
mouse persited to generate manoclonal disease 


in its comesponding secondary mice, However, in 
wo instances, a novel clone that was below the 
tection limit in primary mice made a substantial 
contribution in. secondary revipients (Fig, 2). 
One intemrcttion of this finding, supported by 
clonal tacking studies in human AML (3, is that 
such clones arose from L-ICs that were quiescent 
in primary mice and became setivated_ after 
secondary transplantation 

To detemnine the type of cel transformed by 
MLL fasion genes, Souther bloting was used 


present in a secondary mouse that was not detectable in the corresponding 
‘primary mouse. (B) The germline IgH configuration is surrounded by a 
rectangle. Open arrowheads indicate rearrangements common to primary and 
secondary mice. Gray arrows point to new rearrangements common to all 
secondary mice that were not detectable in the primary mouse. (D) Example of 
22 spontaneous lineage switch that occurred during the in vitro culture of BM 
cells from an MUL-ENL mouse. (E) Clonal analysis of this culture for both 
‘proviral insertion and IH rearrangement. 
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to study immunoglobulin heavy chain (IgH) gene 
rearrangement, an event that oceurs at a stage of 
B-lymphoid differentiation between the com 
mon lymphoid progenitor (CLP) and the peo-B 
cell (22). Although control and MLL-AF9 mi 
with AML displayed only the germline arrange- 
ment (fig, S6), all primary mice with B-precursor 
ALL displayed varying rearangements of the 
addition to the germline band 
6). In ~40% of the primary 
smline configuration accounted 


the IgH gene configurations. 
These data allow us 10 exclude the possibility 
that, in these eases, transformation occurred in 


a committed B cell with a rearranged [gH gene. 


Fig. 3. MLL-ENL and MLLAF9 cells cultured in myeloid-promoting conditions 
‘generate different graft phenotypes upon injection into immunodeficient mice, 
(A) In vitro growth curves of control, ML-AF9, and MLL-ENL cells under 
conditions that promote myeloid differentiation. At the indicated time points, 
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Instead, they indicate that a more primitive 
cell type that had not initiated IgH gene rear- 
rangement (such as the hematopoietic stem 
cell, CLP, or the early B cell) was the target of 
transformation. 

A comparison ofthe Kell gene-rearrangement 
pattems in secondary mice and their comespond- 
ing primary mice showed a consistent decrease 
in the intensity of the germline configuration, 
accompanied by a greater contribution by clones 
With rearranged git alleles. The same rear- 
rangements were ofien present in mulkiple see 
‘ondary mice derived from the same primary 
animal (Fig, 2B and fig. $6), szzesting that 
LACS in primary mice underwent self-renewal 
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divisions and generated daughter LICs eapa- 
ble of initiating ALL upon transplantation. Thus, 
in leukemias where a primitive cell type was 
deemed to be the target of transformation, we can 
conclude that the LICs present at later time 
points were not identical to those initially gen 
crated, though they shared the same retroviral 
integration. Instead, it appears that the phenotype 
of the LCs evolved over time from a primitive 
a cell type with 
amanged IgH genes. This clonal evolution 
indicates that analysis of L-IC properties and 
phenotype at a sin Point may not provide 
a comple picture of LIC biology or insights 
into the identity of the cell of origin 


MLL-ENL 


MLL-AF9 


cultured cells were injected into immunodeficient mice. 
stem cell factor. (B) Types of human grafts generated in mice. Contour plots are 
‘gated on tive cells, and BM cytospins (MGG staining) ilustrate the morphology 
of the indicated leukemia. Scale bars, 25 jum. 


3, interleukin-3; SCF, 
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Because a primitive cell was the target for 
‘the transformation in ~40P% of our experimental 
Teukemias, we investigated the differentiation 
potential of MLL-derived LCs, Leukemic cells 
Were harvested fiom the BM of primary mice 
‘and cultured in vitro under conditions. support- 
ive of both B-lymphoid and myeloid cells. Bot 
AML and Beprecursor ALL grew for >100 days 
A.and B), and in 10 out of 14 cultures 
ied from mice with MLL-ENL B-ALL, 
CD33°CD19~ myeloid population emensed 
Thive of these cultures underwent a complete 
switeh from a Belymphoid t0 a myeloid blastic 
population; in one instance, this way followed 
by a reversion back to B-lincage cells (Fig. 2D 
and fig, $7, € and D), Retroviral integration 
analysis showed that clonality was maintained 
uring these lineage switches, but cells with 
either rearranged Iu alleles or strictly germline 
status Were competent to switeh lineages (Fig 
2E and fig. STE). Consistent with these obser- 
Vations, intraconal fineage switching. has been 
documented in pationts with MLL leukemias 
Upon relapse (23-25) and was alo found in our 
in vivo studies (ig. SS). Together these in vitro 
and in vivo data indicate that ML-<erived L-ICs, 
including those with rearanged IgH1 genes. retain 
booth Iymphoid and myeloid potential, finding 
also observed in murine models (17) 
Finally, to investigate the influence of 
Imjcroenvironment on MLL L-CS, we seeded 
cells expressing MLI-ENL or MLL-AF9 into 
myeloid-promoting. suspension cultures. imme 
diately after transduction, Under these condi- 
tions, cells expressing MLL fusions outgrew 
cconiols, generating populations of monoblastic 
cells (VLL-ENL) and myclomenoblastic cells 
9), Analysis of the 
Aecukemia-initiating capacity of cells from differ 
cent times inv culture showed that at the earliest 
time point, cultured MLL-ENL cells generated 
B-precursor ALL in vivo: however, at later pas- 
sages the phenotype of the human grafts shifted 
toward the myeloid lineage, with some mice 
showing monoclonal mixed-tineage leukemias 
and AML (Fig. 3, fig. S10, and table S4), Thus. 
‘exposure fo myeloid-supportive conditions was 
permissive for the development of elones capable 
‘of generating myeloid disease in vivo. In contrast 
to MLL-ENL, the injection of MLL-AF9 cells tro 
‘culture resulted in strictly myeloid outyrovvths in 
all but one engrafted mouse. ayain hieblihting an 
instructive role for the MLL fission partner in 
determining leukemia lineage 
(Oui data showy that MLL fusion genes ean ini 
tiate both myeloid and lymphoid Keukemogenic 
‘programs in primary humein hemtopoictic cals 
Which program is ultimately followed i influ- 
‘enced by the identity of the fision partner. as well 
as by microenvironment signals. The respon- 
siveness of MLd-derived LIC to extrinsic cues, 
coupled with their Iympho-mycloid potential, 
provides a biological basis for several hallmarks 
Of MLL leukemias, including lineage switching at 
relapse and the high incidence of BALL in 
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infants (26), where the intrinsic and extrinsic de- 
terminants of noonatal hematopoiesis favor B cell 
development (27). The finding that LACS wndereo 
clonal evolution indicates that disease progression 
is linked to the biological properties of the kare 
emia stem cells that underlie the disease, rather 
than to the evolution of leukemic blasts, Thus, it 
will be essential to understand the cellular and 
molecular propertis of L-CS at all stages, from 
leukemic initition to discase progression, in ordsr 
to devise therapies to target their eradication. 
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Regulation of the Germinal Center 
Response by MicroRNA-155 
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Yingzi Xue,” Andrew Murphy,” David Frendewey,” David Valenzuela,” Jeffery L. Kutok,* 
Marc Schmidt-Supprian,? Nikolaus Rajewsky,” George Yancopoulos,” 


Anjana Rao,* Klaus Rajewsky"* 


‘MicroRNAs are small RNA species involved in biological control at multiple levels. Using genetic 
deletion and transgenic approaches, we show that the evolutionarily conserved microRNA-155 
(miR-155) has an important role in the mammalian immune system, specifically in regulating T 
helper cell differentiation and the germinal center reaction to produce an optimal T cell~ 
dependent antibody response. miR-155 exerts this control, at least in part, by regulating cytokine 
production. These results also suggest that individual microRNAs can exert critical control over 


mammatian differentiation processes in vivo. 


icroRNAs are emerging as key players 

\ | in the control of biological processes, 
1d the stage-specific expression of 

certain micfORNAs in the immune system 
suggests that they may participate in_ immune 
regulation. One such microRNA is: miR- 
produced from the non- protein-coding transcript 
Of the bic zene. hic was discovered as a recur 
rent integration site of avian leukosis virus in 
chicken lymphoma cells (/). The hairpin from 
Which miR-15S is processed represents the 
only evolutionarily conserved sequence of the 
bic gene. indicating that miR-15$ mediates hic 


function (2-4), bie/miR-15S has been shown t0 
be highly expressed in a variety of human B 
cell lymphomas, including the Hodgkin-Reed- 
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Fig. 1. bic/miR-155 
regulates the GC re- 
sponse and is induced 
upon activation, (A) The 
percentage of PP GC B 
cells was determined by 
FACS in bicimiR-155~~ 
mice (n = 13) and 
controls (n= 15), and 
in Bcell™™ mice 
16) and controls (n = 
17). (B) (Left panels) bic 
promoter activity was 
measured by LacZ stain- 
ing in GC B cells with 
the use of FACS, (Right 
panels) In B cell™ "5 
mice, bic/miR-155 expres- 
sion in mature B cells is 
reported by EGFP expres 
‘sion. (© RT-PCR was used 
to detect bic in pro- 
enitor, resting B cells 
‘and anti-tgM-(Fab )>~ 
stimulated mature spleen i 
B cells (10 jgimd. The S ee 
‘smaller transcript repre- 2 r « 

sents the spied form of BosSesns f 
bic, (D) miR-155 expres- 
sion was detected by 
Northem blots in the 
ssame samples as in (O), ee te ee ee actin 
LPS, inopotysaccharide. 


> 


oneee dats 
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CD38!FAS* GC B celis in PP (%) 


octeurers 


0.0001, 
(90.001 p=0.0007 
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Fig. 2. bidmiR-155~~ mice show impaired T cell-dependent antibody responses. (A and B) Mice were | "Percent of mermourar cari be itextan © che 
immunized intraperitoneally with NP-CGG/Alum and analyzed on days 7 and 14 after immunization. | Mibsituton a poston 

Open and closed symbols: experiments 1 and 2; triangles: controls; diamonds: B cell™*™; ae 

‘squares: bic/miR-155~~. (A) NP-specific IgGs levels were measured by enzyme-linked immunosorbent assay, (B) The percentage of spleen CD38"°Fas™ 
GCE cells was determined by FACS. Un: unimmunized. (©) Immunohistochemistry was performed on day 14 NP-immunized spleen sections from wild-type (a), B 
<celf™*755 (b), and knockout mice (c) to detect GCs (brown, PNA*; blue, hematoxylin). High-magnification image ts shown in (d). Images are representative of 
three mice per group. (D) Number of GCs (+SENM) was determined from sections in (O; mice per group. (E) The frequency of W331 replacement was 
determined by sequence analyses with spleen GC B cells 12 or 14 days after NP-CGG immunization. 
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Stemberg cells in Hodgkin's disease, and miR- 
153 transgenic mice develop B cell lymphomas 
(5-8), In humans, bicimiR-155 expression 
detected in activated mature B and T lympho- 
eytes (7, 9), including germinal center (GC) B 
cells as well as in activated 1 
(0), Germinal centers represent sites of ai 
body affinity maturation and memory B cell 
ation in T cell-dependent antibody re- 
sponses (11) 

To obtait is into the pl 
function of hie/miR-1 
‘mutant mouse strains. inthe first, major portion 
of the bie second exon, including miR-153, was 
replaced by a Prgalactosidase (lacZ) reporter 
(/2), generating a loss-of-funeti 
ignated hie/miR-1SS”". The reporter allows 
one to study the hie/miR-155 expression pattem 
through lacZ expression (fig. $1) (13), Northem 
blots showed that miR-158 expression was 
completely ablated in activated biemiR-1SS 
B cells (fig. SIC), To generate the seco 
tant stain, we used a pre 
knock-in strategy (/-), to conditionally express 
MIR-15S andl an enhanced green fluorescent 


1 allele des 


¢ CD21-cre alleles will be referred to as B 
* mice 

The gut-associated lymphoid tissue (GALT), 
including Peyer's patches (PPs) and mesenteric 
Iymph nodes (mLNs), contains both Band Teells 


and activated, proliferating B cells undergoing 
GC reactions in response to chronic stimulation 
by gut-derived microbes, We found increased 
fractions of GC B cells in both PPs and mLNs of 
B cel™*!* mice (Fig. 1A and figs. S3 and 
S4A), and most of these cells, as well as the non: 
GC B cells, expressed the EGFP reporter, In 
contrast, in hic/miR-ISS°~ mice, the fraction 0 
GC Beells, determined by Nuorescene 
cell sorting (FACS) and immunohistochemistry 
‘was significantly reduced in Ps and mLNs (Fig 
1A and figs, S3 and S4, A and B), In bicimiR.- 
155°" mice, the vast majority of the non-GC B 
cells were negative for lacZ, whereas ~60% of 
GC B cells expressed the lacZ. reporter (Fig. 1B 

SIB) Because the detection of fe 
dase activity depends on the sensitivity 
is the persistence of the 
/yine in dividing cells, we conclude that many 
or perhaps all GC B cells express hie'miR-1 S$ in 
the course of the GC response, 

To further characterize miR-IS$ expression, 
We isolated spleen B cells trom wild-type 
stimulated through the B cell receptor (BCR), 
CD40, oF with mitogens that bind 
receptors (TLRs), Although little bicimiR-15S 
expression was seen in cells before activ 
strong up-regulation was detected under each of 
these activation conditions (Fig. 1, C and D). The 

B requirements were different f 
versus TLR/CD40-mediated hic miR-15: 
tion. The former appeared to depend on the 


i 
fof the assay as well 
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surin’ NEAT (nuclear factor of activated T 
cells) pathway, but not NEMO, an essential 
component of the nuclear factor xB (NF-xB) 
gnaling pathway. The latter required both 
MyD&8 and NEMO (lig. $5) (/6). A kinetic 
analysis upon BCR cross-linking showed that 
both bic and miR-1S3 up-regulation was tran- 
sient, with a maximum induction of the former at 
3 hours and the later at 24 hours, consistent with 
a prccursor-product relationship (Fig. 1, C and 
D). Thus, in the GC response, B cells may up- 
late hicmiR-13S at its initiation or recur 
ly during proliferation and selection by 


is 


We have biemiR-1SS 
expression was absent in nonlymphoid ongans 
iver, and heart) as well as 
T cells, but s 


Iso observed th 


in accord with earlier work in the human 

The reduced faction of GC B cells in 1 
GALT of hie/miR-155 with its 
cls, suggests that miR-15S may indeed me 


‘bie function and may also be involved in the 
control of the GC reaction. To detennine whether 
hiciR-ISS is also involved in induced GC 
responses in the spleen, we immunized mice with 
alum-precipitated 3-hyroxy-t-nitro-phenyl 
(NP) coupled to chicken gamma globulin 
(CGG), which normally initiates a GC response 
accompanied by the production of an 
specitic antibodies detectable at day 7 
immunization and rwaching a peak 1 week later 
(7), Antigen-specific immunoglobulin G1 
(lgG,) antibody titers and the fractions of GC B. 
cells were compared between immunized mu 
tant and wildy expressing 
miR-155, the antibody response was marginally 
cenhaneed at both time points (Fig, 2A), In con- 
the biemiR-1S8- mice produced about 
‘one-fifth as much NP-specitic antibody titers as 
their fitermate controls (Fig. 2), The pereent 
spleen GC B cells were 
niR-1SS-overespressing mice, but 
reduced in the knockouts, compared to controls, 
most notably on day 14 after immunization (figs 
2B and S7). Furthermore, hic/miR-135"" spleens 
displayed reduced numbers of GCs that appeared 


mice, In mice ov 


A mWid-type bicimiR-155"" Ml bicimiR-155%- 
[292 368 36 3:78) 3.48 3.08 
of} 
&| . 
2 ae ah > 
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ree 129) 019 | 4.11) 026 | 0.80% 
= —-S- & NY 
199787) 259734) 499._|_ 49.6, 
TNF > 
® és C 4234s 
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Wild-type bicimiR-155"" bicimiR-155% 
Fig. 3. bicimiR-155~ B cells are deficient in INFand UT<1 DWT bicimin-155-/~ 
production. All experiments were done with CD19* mature ee 
Spleen B cls (A) TNF expression determined by FACS was ap, op, 
analyzed before and after stimulation with ant-lgM-Flab’)2 
antibodies for 2 days (gated on blasted cells). Numbers in NF 
panels represent the percentage of cells. Histograms display 
the amount of TNF expressed at the indicated time points To 
after stimulation. (B) TNF production was measured with trp 


the Beadlyte mouse cytokine kit in supernatants from (A). 
(© mRNAs were detected by RT-PCR in cells from (A. 
Lanes: WT (ane 1, bicimif-155" (lane 2) and biciiR-155~~ 


p-actin 


mice (lanes 3 and 4), and no cDNA input (lane 5). Data are representative of five independent 
experiments. (D) mLNs non-GC and GC B cells were sorted, and RT-PCR was performed as in (O) 
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smaller than those of controls and B cell" 


* and D), Together, these results 
those obtained for GC formation 


role in the control of the GC reaction 


in the context of a T cell-dependent antibody 
response, 
‘We nest investigated a possible molecular 


basis for the effects of miR-ISS. With no 
‘obviously relevant predicted miR-15S targets in 
hand, we focused on basic features of the GC 
response; namely, B cell profiferation, the wener- 
ation of somatic antibody mutants, and selection 
‘of mutated B cells that bound antigen with high 
affinity, We alo examined the production of 
tumor necrosis factor (TNF) and lymphotoxin-cr 
(La) and LT-B by mutant and control B cells, 
because itis known that TNF and LT, produced 
by B cells, are critical for GC formation (18 20), 
When bictiR-158"" B cells were induced to 
proliferate in vitwo by a variety of stimuli, their 
proliferation profile, determined by dilution of 
bound carboxyfluorescein diacetate sie 
cinimidy| ester (CFSE) label, wats indistinguish- 
able from that of control cells (fig. SS), There 
\Was thus no indication from these experiments 
that miR-15S expression is directly involved in 
the control of B cell protiferation, The anti-NP 
response ix characterized by the preferential 
usage of the Vir186.2 gene segment of the igtt” 
haplotype. Furthermore, high-affinity anti-NP 
antibodies acquite a tryptophan-to-leucine mu: 
lution at position 33 (W33L) (17). GC B cells 
Were thus isolated from hicimiR-1SS"~ and 
biesiniR-157~ mice on day 12 oF 14 after im 


bichmiR-155~/~ 


THe 


1-4 ———_> 


conditions were used to study T cell differentiation 
nodes. On day 5, intracellular IL-4 and IFN-y_prodi 


THN 


munization with NP-CGG, and rearranged 
Virl86.2 gene segments were sequenced (17). 
Although there were no notable differences in 
‘overall mutation frequency between control 
and mutant cells, the selection for the W33L 
mutation was compromised in hic/miR. 
knockout cells (Fig. 2E). Therefore, although 
miR-1SS is not required for somatic hyper- 
mutation of antibody genes in GC B cells, 

contributes to an optimal selection of cells ac- 
quiring high-affinity antibodies. A possible 
clue to an understanding of the defective C 
action in bicimiR-1SS knockout mice came 
from the analysis of eytokine production by 
activated B cells from knockout and control 
mice. Two days afler in vitro activation by BCR 
cross-linking, TNF production by hicimiR- 
B cells was noticeably reduced when compared 
\with that of the controls (Fig. 3). Consistent 
With this, the concentration of TNF in culture 
supematants ofthe mutant B cells was about onc- 
third of that in contro! supematants (Fig. 3B), 
The differences in TNF production between 
knockout and wild-type cells were also apparent 
att the Ievel of gene expression, as demonstrated 
by reverse transcription-polymerase chain re- 
action (RT-PCR) analysis of TNE-specific tran- 
scripts Fig 3), We farther showed, by RT-PCR, 
that /Aar but not +f expression is also compro 
mised in the mutant cells. These defects were also 
‘observed in ex vivo sorted GC and non-GC B 
cells fom mLNs of the knockout mice, where B 
cells may be chronically activated by exposure to 
Doeterial antigens (Fig. 3D). Together, these data 
silgest that miR-1S controls the GC response at 


ee ee 
1 
| 


—— 1-4 ——_> 


Fig. 4. bicimiR-155~ T cells show a Ty2 
cytokine bias accompanied by a higher 
fraction of cells producing M-10. (A) Tul 
(LA2 + anti-tL-4), Ty2 (IL-4 + antitFN-y + 
anti-IL-12), nonpolarizing (TqN; no addition 
‘of exogenous cytokines or blocking antibodies) 
th pres COA" cs from petra raph 
Juction was measured by FACS (mean = 


knockout and four wild-type mice from three independent experiments). (B) Cells prepared 3s. an 
were differentiated under the influence of a limited quantity of IL-4 (12.5 Um) (mean + SD, four 
knockout and three wild-type mice, from two independent experiments). Numbers in panels represent 


the percentage of cells. 
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least in part at the level of eytokine production, 
Although this contro! may follow pathways of 
postianscriptional gene silencing, we note that 
fiagile-X mental retardation related protein 
1 (EXR1) and Argonaute-2, an RNA-binding 
protein involved in the microRNA pathway, were 
shown to associate with an AU-rich element in 
the 3° untranslated region (UTR) of the TNE 
mRNA during translation activation (2/). A 
conserved miR-1S5 binding site (AGCGUUA) 
downstream of this element could contribute 10 
the targeting of Argonaute-2 and FXRI to the 
TNF UTR. 


is also expressed in 
T cells upon activation and differential cyto- 
kine production is a hallmark of T cell iffer- 
entiation into T helper cell 1 (Tyl) and Ty2 
effector cells, we tested Tu! and Ty2 dif 
entiation of knockout and control T cells 
Vitro (22. 25), We found that T cell differen- 
tiation proceeded! normally in both cases (Fig, 
4A). However, when T cells were cultured an 
dcx conditions that promote neither differentiation 
pathway or suboptimally promote T)2 differ 
caiation, biomiR-1SS~ cells produced mote 
interloukin-4 (IL-4) and less interferon-y (IFN~), 
suggesting that they were more prone 10 Ty2 
differentiation than controls (Fig, 4 and fig, S 
In addition, mutant T cell cultures. generated 
‘more cells producing 1L-10, a eytokine known to 
dampen immune responses (24, 25) 

Although it remains to be seen whether these 
observations relate 10 the impaired GC re- 
sponse in the mutants, the present experiments 
establish, through a combined genetic loss 
and gain-of-funetion approach, that miR-1SS is 
critically involved in the in vivo control of 
specific differentiation processes inthe im 
‘mune response and that it exerts its functions 
at least panty atthe level of control of eytokine 
production, 
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Requirement of bic/microRNA-155 for 
Normal Immune Function 


Antony Rodriguez,"* Elena Vigorito,”* Simon Clare,* Madhuri V. Warren,?> Philippe Couttet,> 
Dalya R. Soond,? Stijn van Dongen,* Russell J. Grocock,* Partha P. Das, Eric A. Miska,* 


David Vetrie,? Klaus Okkenhat 
‘Martin Turner,” Allan Bradley't 


7 Anton J. Enright,” Gordon Dougan,? 


‘MicroRNAs are a class of small RNAs that are increasingly being recognized as important regulators 
‘of gene expression. Although hundreds of microRNAs are present in the mammalian genome, 
‘genetic studies addressing their physiological roles are at an early stage. We have shown that mice 
deficient for bicmicroRNA-155 are immunodeficient and display increased lung airway 
emodeling, We demonstrate a requirement of bicmicroRNA-155 for the function of B and T 
lymphocytes and dendritic ces. Transcriptome analysis of bicimicroRNA-155—deticient CD4* T 
cells identified a wide spectrum of microRNA-155—regulated genes, including cytokines, 
‘chemokines, and transcription factors. Our work suggests that bicimicroRNA-155 plays a key role 
in the homeostasis and function of the immune system. 


erORNAs (miRNAs) posttranserip- 
Mics Ss 

forming imperfeet base pairing with 
sequences in the ¥ untranslated region (3° UTR) 
‘of genes to prevent protein accumulation by re- 
pressing translation or by inkducing mRNA dey- 
radation (1, 2). More than $00 miRNAs have 
been identified in mammals, athough thei func 
tions are only now being elucidated (3). In the 
immune system, the enzyme responsible for 
regulatory RNA biogenesis, Dicer, is required 
for T cell function, which suggests. rezulatory 
roles for miRNAS in lymphocytes (4, 5. One 
miRNA, miR-155 (6), maps within, and is pro- 
cessed ftom, an exon of the noncoding RNA. 
known as bic (7. 8), its primary miKNA pre 
‘cursor (9%), hicimiR-15S shows ureatly increased 
expression in activated B and T cells (9-12), as 
\well as in activated macrophages and dendritic 
cells (DCs) (12, 13). Overexpression of hic 
‘miR-185 has been reported in B cell lymphomas 
and solid tumtors (/4), and transgenic miR-15S 
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mice have also been shown to develop B cell 
malignancies in vivo (/), indicating that the 
Jocus may also be linked to cancer. 

To define the in vivo role of hicimi-155 fic) 
We generated mutant alleles in embryonic stem 
cells (16) to obvi iesdeticent (ie™™" and 
big") mice (fig. St, A and B). biedeficient 
mice were viable and fertile but developed lung 
pathology with age. At 320 to 350 days, 56% 
(Soutol9)ofhic™™ mice displayed significant 
remodeling of lung ainways. with increased 
bronchiolar subepithelial collagen deposition 
and inereased cell mass of sub-bronchiolar myo- 
fibroblasts (Fig. 1. B, D.and F), relative to age- 
matched control mice (n = 8) (Fig. 1, A.C, and 
E). A statistically significant increase in the ratio 
of collagen thicknessbronchiolar diameter and 
smooth muscle call arcavbeonchiolar diameter 
wiki be measured in hie-deficient mice, com: 
pared with wikl-type controls (Fig. 1, G and H), 
Increased airway remodeling in aged hic 
mice was accompanied by a significant inerease 
in the numbers of leukocytes in bronchoalveolar 
lavage Muids (BAL) (Fig. 1, 1) but not the tung 
are reminiscent of the 


autoimmune processes with lung involvement 
(U7, 18), We also noted that many bic™™™ mi 
developed enteric inflammation, a trait we have 
not investigated funher. Thus. the phenotype we 
observed suzzested that biemilR-15$ may partic- 

the bomeastasis 


The pathology observed in. hic-deticient 
mice prompted us to examine the requirement 
of bic/miR-155 in immunity. Although no ross 
defect in myeloid or lymphoid development in 
‘hi-deficient mice was observed (tables St and 
32), protective immunity did appear 10 be im 
paired. Thus, after intravenous. immunization 
‘with the five attenuated form of the enteric path- 
‘gen Salmonella txphimurium (arod mutant 
strain), mie were assessed for their ability 10 
resist oral challenge with vinulemt S.nphimurium 
bacteria (9, 20), Both unvaccinated bie" and 
wild-type control mice (5 out of $; 1 = $) died 
\within 7 days after infection (Fig. 2A), However, 
unlike their wild-type counterparts, ig™2" 
were les really protected by ara vaccination, 
and the majority of mice ($ out of 6; = 6) 
succumbed to challenge with the virulent strain 
bby 33 days aller infection (Fig, 2B). Ths, 
immunized hic-deticient mice, unlike wikt-lype 
‘mice, could not be protected by immunization to 
this pathogen, 

Protective immunity requites the function 
of T and B lymphocytes. Therefore, we next 
examined the in vivo Band Teel! responses of 
‘hiealeficient mice immunized with the T- 
dependent antigen, tetanus toxin fragment C 
protein (Tet). Immunized bie" mice 
produced significantly reduced amounts. of 
immunoglobulin M (IgM) and switched anti 
en-specific antibodies (Fig. 2C), indicative of 
impaired B cell responses. For examination of 
T cell function, splenocytes from mice immu- 
nized with Tet were restimuilated in vitro, 
andthe levels of interleukin (IL)-2 and 
inerforon (IFN) y cytokines. were measured 
AAs expected, splenocytes from wild 
immunized with TetC produced significantly 
increased levels of IL-2 and IFN-y relative 10 
naive mice (Fig. 2D) In contrast, Aie™!"" im. 
smuize! mice failed! to prexhce significant level, 
of these cytokines (Fig. 2D). Thus B and T cell 
responses were diminished in hic-leticent mice 
possibly contibuting to their impaired enteric 
immunity 

To understand the nature of defective im- 
mune responses in vivo, we explored the possi 
bility of an intrinsic requirement for hic/iR-155 
in B cells and T cells. Dendtitic cell (DC) fune- 
tion was also tested, because these cells act as 
professional antigen presenting cells (APCs) with 
the ability to influence T cell activation and dif 
ferentiation. Production of 1eGl by lpopaly: 
siccharide (LPS)- and IL-+-stirmutsted hic" 
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B cells was significantly reduced (Fig. 2E), ak count 
though this defect did not appear to comespond stimulatory capaci 
\ith abnormal profiferation (Fig. $2). Aller en 


Fig. 1. mice deficient for bic’ 

‘miR-155 show increased lung © 3 
airway remodeling (A to F) Histo- 
logical examination of sections of 
lung bronchioles from control wilde 
type (A, G and E) and bic™™* mice 
(BD, and F). Scale bar, 100 jm. (A 
‘and B) Haematoxylin and eosin stain; 
(Cand D) Masson Trihrome stain; (E 
and F) Immunohistochemical stain- 
ing for smooth muscle actin, Col 
lagen layer (white arrows), tung 
myofibroblasts (black arrows), bron 
chiles (8), and blood vessels (V) are 
indicated. (6) Quantitation of peri- 
bronchiolar collagen thickness or (H) 
airways smooth muscle cell (ASM) 
mass in bic™"™ mice compared 
with that of wild-type mice. (G) P< 
0.02 or (H) P< 0.0001, in com- 
parison with wild-type group, Stu- 
dent’s two-tailed t test. Open 
circles, control mice; filed trian 


C4 


g antigen, DCs increase their immuno- 
(2) through a process that 
is mimicked in vitwo by stimulation with LPS. 
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After treatment with LPS bic™"*, bone marrow 
derived DCs expresad levels of major histo- 
compatibility complex-II and costimulatory mol- 


‘les, bic™™* mice. Notably, bic" mice with increased collagen layer thickness also had increased ASM mass. (D) Total and differential cell counts in BAL from 
the indicated mice, Data are the mean + SE from seven bic-deficient mice and six control mice. ""P < 0.01 in comparison with wild-type group, Student's two- 


tailed ¢ test. 
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Fig. 2. Defective adaptive immunity by bicdeficent mice. (A) Survival curve 
for mice (n= 5 in each group) infected orally with 1 x 10° colony-forming units 
(CFU)-virulent S yphimurium stain SL344. As expected for mice ofthis genetic 
background, all failed to survive challenge. (B) Survival of mice (n = 6 in each 
group) infected intravenously with 1 x 10* CFU of S. typhimurium aroA strain 
folloned by oral challenge with & typhimurium SL344 6 weeks after prime. In 
contrast with control mice, bic™™* mice demonstrate reduced survival after 
challenge. (A and B) Line, control C57BU6} (wikdtype) mice; dashed line, NS 
C57BL6) backcross bic™™™* mice. (C) TetC-specific Ig levels from control mice 
(open circles) or bic-deficient mice (filed triangles) immunized with TetC at days 
{Land 21 and analyzed 13 days after secondary immunization. P values denote 
significant differences; Student's two-tailed test. (D) Production of IL-2 and 
IFN-y by splenocytes isolated from wild-type or bic™™™*-naive mice (open 
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bars) or immunized with TetC as in (©) (closed bars) and cultured for 48 
hours in the presence of TetC. Data are the mean + SE from four mice, *P-< 
0.05 versus naive mice; Student’s two-tailed t test. (E) Reduced 1961 
production by bic™"™* B cells cultured in the presence of LPS and IL-4 for 4 
days, Data are the mean + SE from 3 mice. "*P < 0.01 versus wild-ty 
‘Student's two-tailed f test. (F) Significantly reduced proliferation and IL 
production by ovalbumin T cell receptor transgenic (OT-II) cells cultured 
‘with LPS-matured, bone marron-derived, bic-deficient DCs in the presence 
‘of cognate (2.5 iM) ovalbumin protein. Cell proliferation was determined 
by ['Hl-thymidine incorporation at 72 hours. IL-2 was measured from 
supernatants by enzyme-linked immunosorbent assay (ELISA) at 48 hours. 
Data are the mean + SE from five mice of each genotype. *P < 0.05 versus 
wild-type; Student's two-tailed test. 
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ecules similar to thase seen on identically treated 
matured wildtype DCs fg. $3, A and B), which 
indicates. that bieimiR-15S is, not required. for 
maturation. Nevertheless, hic" DCs failed 
elflcintly activate T cells consistent with def 
tive antigen presentation or costimulatory func 
tion (Fig. 2F), Collectively, these results suggest 
thatthe effects of hicmiR-155 may operate in 
part on T cells through its influence on DC 
funetion, 

To establish whether there is also an 
intrinsic requirement for biemiR-53 in T ell 
funetion, the response of receptorstimubited 
naive bie"? CDS” T cells was tested 
Despite, normal proliferation, uncommitted 
bie"? CDA" cells showed a significant 
reduction of the T helper (Th)-1 cytokine, 


A wt 


stimulation with antibodies to 
€D3 and CDS (fig. SH). A reduction by a 
factor of $ in the number of IFN-p- producing 
cells was also observed aller restimulation of 
bic™™ CDA” T cells cultured under 
conditions designed not to polarize Th 
responses (Fig. 3A}; and was accompanied 
by a doubling in the number of IL-4 sing 

producing cells (Fig 3A). In light of 
expression of bicmiR-15S in both Tht and 
Th? cell lincages (fig. $5, A and B), we ne 

examined the phenotype of bi" CDS” T 
cells afier culture in conditions that promote 
Thi or Th2 cell differentiation, The kvels of 
IFN-y, as well as the number of bic" ThI 
cells scereting cytokine, were similar 10 
controls, which indicates that bicimiR-155 is 
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Fig. 3. Increased Th2 polarization and amplified Th2 cytokine production by bic-deficient CD4* T 
cells. CD4*CD62L" cells of indicated genotypes were cultured under (A, middle panel, and 8) Th1 
‘conditions, (A, lower panel, and €) Th2 in vitro differentiation conditions, or (A, upper panel) 
rnonpolarizing (ThN) conditions and restimulated with immobilized antibody to CD3 (10 jgimD and 
soluble 2 ygiml antibody to CD28 on day 6. (A) Intracellular cytometric analysis for IFNy and IL-4 
production (26). The panel shows a representative result of three mice of each genotype analyzed 
in the same experiment. Data are representative of two independent experiments (n = 3 per 
genotype). Numbers in each quadrant are percentages of cells of indicated phenotype. (B and C) 
Cytokine levels were assayed by ELISA 21 hours after restimalation of cells cultured under (B) Th 
‘or (C) Th2 polarizing conditions. Data are the mean + SE from three individual mice. “P < 0.05 or 
**P-< 0.01 versus wild-type; Student's two-tailed ¢ test. 
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rot required for Thi differentiation (Fig. 3, A 
and B). However, phenotypic alterations were 
observed as hic™™? Thi cells produced 
elevated levels of CCL-S (Fig. 3B and table 
83), By contrast, inereased commitment to the 
‘Th2 pathway was evident in bie" Th? cell 
cultures as higher numbers of IL-4-producing 
cells were observed (Fig. 3A), In support of 
this result, enhanced levels of the Th 
cytokines IL-4, IL-S, and IL-10 were generated 
by bic™* cells after culture in Th2 pobariz- 
ing conditions (Fig, 3C), Taken together, these 
data demonstrate that bie-leticient CD4" T 
cells are intrinsically biased toward Th 
differentiation, Morcover, ThI cells may have 
altered function despite nonnal production of 
IFNey. 

To understand how hiciniR-/5S regulates 
Th2 commitment and to gain a more global 
ht into the extent of deregulation in Tht 
cells, we analyzed gene expression in ie?" 
THI or Th2 cells using microarray analysis, In 
audition, because the 5° region of miRNAs 
(referred to as the "seed" region) is believed 10 
be erucial for target mRNA recognition (I, 2), 
‘we searched the 3° UTRs of significantly” up- 
regulated genes in microarrays for the presence 
of sced matches specific for miR-1S8, In bie= 
deficient Thl cells, we identified 46 of $3 up- 
regulated transcripts as potential miR-1SS 
lurgets (lable $3 and fig. $6). In hie-deticient 
Th2 cells, $3 out of 99 up-regulated transeripls 
Were predicted targets (lable $4 and fig. $7), 
To confirm these genes as likely targets of 
miR-155, we then searched the 3” UTRs for 
seed matches specific for all of the known 
mouse miRNAs in the miRbase public 
database (3), miR-ISS seed sequences. were 
significantly overrepresented over all other 
tested mouse miRNAs, indicating a significant 
probability that these genes are direct targets 
of miR-155 (Fig. 4, A and B). This compu 
tational data strongly suggests that miR-1S5 
represses a wide assortment of genes in CDS? T 
cells and lends support for the hypothesis that 
miRNA targets are generally abundant in mam 
nals (22). 

A wide spectrum of miR-15S tanget 
with diverse molecular roles, such as T 
costimulation (e.z.. Tiff), chemotaxis (ext. 
Gol-S), and signaling (ex. Ihbke), were identi- 
ficd, Among these, we noted that the tran- 
scription fictor e-Maf contains phylogenetically 
conserved miR-15S seed matches in the ¥ UTR 
(fig. $8), c-Mafis a potent transactivator of the 
IL-4 promoter, and ectopically expressed e-Mat 
’s sullicient to cause increased IL-4, IL-$ and 
1L-10 production by Th2 cells (2. n con 
conlance with the microarray results signif 
‘cant induction of e-MafmRNA was detected in 
bic" Th2 cells, and the levels of c-Maf 
protein were correspondingly increased (Fig. 4, 
© and D). By contrast, levels of Gurus 
transcript, which does not contain a miR-1S5 
seed, were not elevated (Fig. 4C). Increased 
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Fig. 4, miR-155 pattern 
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sequences are enriched in 
the Thi and Th2 cell up- 
regulated genes, and cMaf 
is a bona fide target of 
mmiR-155, (A and B) Fold 
‘enrichment of 5! miRNA pat 
tem sequences of the indi- 
«cated types contained in the 
3” UTRs of the () Thi or (B) 
Th2 CDNA microarray signif 
icantly up-regulated gene 
sets The standard deviation, 
Z score, and P value were 


‘calculated by sampling 1000 
random sets of 53 (for Thi 
‘se0 of 99 for Th2 set) genes 
from the mouse genome 
(16), Data are fold entich- 
iment + SD. (€) Quantita- 
tive PCR analysis or Gata3, 
eMaf, and. (L-4 transcript 
levels from Th2 cells re- 
stimulated with antibodies 


to CD3 and CD28, Data are oner 


expression of c-Muf may thus contribute, at 
Teast in part, to the inereased Th2 cytokine 
production phenotype observed in hie™22 
Th2 cells. To further confirm whether ©-Maf 
A direct target of miR-15S, we cloned its 3° 
UTR into a luciferase reporter plasmid. The 
Wikl-type ¢Maf reporter exhibited signifi- 
cant miR-155 dependent repression relative 
to the reporter with a mutant seed sequence, 
which indicates that this is a direct tanget for 
miIR-1SS (Fig, 4E), We conclude from these 
experiments that hic/miR-15S- modulates 
levels of e-Maf in CDA” T cells and this is 
likely to contribute to the attenuation of Th2 
cell responses in vivo. 

Our data demonstrate that mice carrying @ 
null mutation in the HievmiR-155 gone display 
altered immune responses. Thus, along with an 
increase in airways remodeling suggestive of 
altered homeostasis. we observed that hiemiR- 
155 regulates the function of both lymphocytes 
and DCs, leading 16 an overall diminution of 
immune responses, The identification of 
multiple novel potential targets of miR-15S 
supports the view that biv/miR-153 is a core 

F gene expression in multiple cell 
types, with a “targetome" optimized to modu- 
late the immune response, Interestingly, bic~ 
deficient mice share some of the cellular 
features observed in CD4-Cre‘Dice™ mice. 
including defects in CD4° T cell cytokine 
production and immune homeostasis (3, 4). It 
will now be important to define the patho- 
physiology of hie-deficient lymphocytes and 
further test the role of miR-1SS-dependent 
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m4 
the mean + SE from three mice. “P < 0.05 versus wild-type; Student's two- 
tailed t test. (D) c-MAF protein levels were assessed by Western blot of nuclear 
‘extracts of Th2 cells isolated from the indicated genotypes. Expression of lamin 
‘AIC was used as loading control. (E) miR-155~dependent repression of c-Maf 
reporter in vitro, A luciferase (Rluc) reporter was used to validate c-Maf as a 


Gates 


repression of «Ma on immune responses in 
vivo. The strength of the hicimiR-15S mutant 
phenotype more generally suggests critical 
roles for miRNAs in vivo, with potentially 
severe loss-of-function phenotypes. direetly 
refevant to human disease. In this reyard, it is 
intriguing that the human B/CimiR-/S5 gone 
maps to an asthina, pollen sensitivity, and 
atopic dermatitis suscepiibility region on chro- 
mosome 21q21 (26-28), Given the severe 
phenotypes noted in these mice, BICmiR-1SS 
should be investigated as a potential immune 
disease locus in humans, 
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Distinct Pathways of Antigen Uptake 
and Intracellular Routing in CD4 
and CD8 T Cell Activation 


‘Sven Burgdorf,* Andreas Kautz, Volker Béhnert, Percy A. Knolle, Christian Kurts* 
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The mechanisms that allow antigen-presenting cells (APCs) to selectively present extracellular 
antigen to CD8* effector T cells (cross-presentation) or to CD4* T helper cells are not fully resolved 
‘We demonstrated that APCs use distinct endocytosis mechanisms to simultaneously introduce 
soluble antigen into separate intracellular compartments, which were dedicated to presentation to 
COB" or CD4* T cells. Specifically, the mannose receptor supplied an early endosomal 
‘compartment distinct from lysosomes, which was committed to cross-presentation. These findings 
imply that antigen does not require intracellular diversion to access the cross-presentation 
pathway, because it can enter the pathway already during endocytosis, 


aptive immunity requires activation of 
A mphocytes by dendritic cells (DCs), 
hich present antigen bound by major 
histocompatibility complex (MIC) moleeules 
(). Antigens that are synthesized intracellularly 
(for example, those of vial or tumor origin) are 
presented by MHC 1 molecules and activate 
eytotoxic CDS" T cells. In contrast, extracellular 
antigens are presented by MHC IF molecu to 
activate CD4" T helper eels (I, 2). further 
mechanism termed erossepresentation penits 
some fom of extracellular antigen to als stim- 
ulate CD8™ T cells vin the MHI I pathway (2-5), 
This is required for immunity against viruses 
that do not infeet APCs dircetly or against tumor 
antigens that are not endogenously expressed 
by DCs (5-20). The mechanisms that divert 
endocytosed antigen fom the classical MHC 
restricted presentation pathway to that ficfitat- 
ing erossepresentation are controversial (10-16) 
Before substantial experimental evidence for 
cermss-presentation had become avaiable, the as- 
sumption that extrgeular antigen was presented 
exclusively to CD4” Tees had implied thatthe 
different mechanisms of endocytosis supplied 
‘only MHC I restricted antigen presentation. Thus, 
the possibility that a differential influence of these 
uptake mechanisms on antigen presentation might 
cess, in particular on cross-presentation, remains 
to be claifal 
We recently demonstrated that mannose = 
ceptor (MR) mediated endocytosis of the mod- 
cl antigen soluble ovalbumin (OVA) enabled 
its eross-presentation to CDS" T cells (/7). We 
therefore investigated whether this was. spe- 
cific for the class 1 pathway or whether the 
MR also targets extracellular antigen for MEIC 
I-restricted presentation. DCs from MR- 
deficient (/8) and wildtype control mice were 
allowed to endocytose OVA (/9), and the 
response of OVA-spevifie CD4* T cells (OTL 
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cells) was examined. This reveaked a complete 
indeperidence from the MR forall OVA concen- 
trations tested (Fig. 1A} In contrast, the re- 
sponse of OVA-specific CDS” T eclls (OT 
cells) was absolutely dependent on the MR, 
regantless of the antigen concentration (Fig. 1A), 
Intrinsic differences in DCs resulting from MR 
deficiency, such as ahtered costimulatory: mol 
expression or proportions of DC subtypes, 
not observed (77). Thus, MR-mediated 
endocytosis was essential for cross-presentation 
‘but dispensable for MEIC Il-restricted presenta- 
tion of OVA. 

To elucidate the pathway by which antigen 
was endocytosed for the activation of MIC 
I-restricted OTL cells, we studied the in vito 
Uptake of OVA labeled with the fuorochrome 
alexis (OVAgar) by DCs. Although a distinct 
DC subset took up large amounts 
via the MR. a smaller Muorescence shift of 
about four- to fivefold was noted, which was 
MRR-innlependent and appeared to encompass all 
DCs (Fig. 1B). This shift could be blocked hy 
dimethylamiloride (DMA), an inhibitor of 


DCs during OV 
tion of OTIL cells in a dose-dependent and MR- 
independent manner (Fig. 1C), indicating that 


uptake abrogated the activa- 


‘only pinoeytosed, but not MR-endocytosed, 
OVA was usa to activate CD4" T cells. The 
sponse of OT cells was unaflectad by DMA 
(Fig, IC), excluding toxic effets, 

Pinocytosis was active both in MR™ DCs 
that endocytosed a lange dose of OVA. and in 
MR" DCS that dit not, because both DC subsets 
were able to take up lucifer yellow (LY) (Fi 
1D), a pinocytosis marker (20). Despite slightly 
smaller pinocytotic activity (Fig. 1D) and se- 
verely reduced total uptake of OVA (Fig. 1B), 
MRC DCs were superior at activating OF-II cells 
‘as compared t¢ MR™ DCs (Fig. 1E). This indi- 
cated that MR™ DCS processed pinocytosed 
antigen more efficiently than MR” DCs, which 
is consistent with the recent finding that antigen 
processing for MHC I-resricted presentation 


depended on intrinsic properties of panicular 
DC subiypes (27), In summary, all DCs con- 
Siitutively pinocytosed small amounts of OVA, 
‘which was used specifically for presentation to 
CDF T cells. while MR” DCs could simul- 
tansously intemalize lange amounts of OVA 
exclusively for cross-presentation. 

Cross-presentation requires. a high antigen 
dose (7), Thus, its dependeney on the MR may 
simply be duc to the large amount of antigen 
endocytosed by this receptor as compared to 
the small amount intemalized by pinocytosis 
(Fig. 1B), This possibility was addressed with 
the use of another type oF APC capable of cross 
presentation: bone marrow-derived mucrophages: 
(Meds) (22), As with DCs, eross-presentation of 
OVA by these APCs was entirely MR-dependlent 
(Fig, 2A). In contrast to DCS, however, Mebs 
also internalized large amounts of OVA in the 
absence of the MR (Fig, 2B). This additional 
‘uptake eouk! be blocked with polyinosinic acid 
(poly) (Fig. 2B), a specific inhibitor of seay- 
anger receptors (SRs) (23), The inability of MR- 
deficient M@s to activate OTA cells, despite 
having intemalized lange amounts of OVA via 
‘SR indicated that the mechanism of endocytosis, 
rather than levels of antigen, was a requisite for 
cross-presentation, Moreover, SR-madiated OVA 
uptake was not responsible for OTH ecll ac 
tivation, because MR-mediated endloe 
sufficient (Fig. 2C), In further experiments using 
poly! and DMA blockade, we demonstrated that 
Mobs used pinocytased OVA, as well as SR- 
endocytosed OVA, only for presentation 19 OTL 
calls Fig. 2, A and ©), 

To investigate why pinoeytosed, SR- and 
MR-endocytose antigen were presente difer= 
ently, We monitored their intracellular routing 
bby fluorescence microscopy in immature APCS 
which are active in endocytosis (Fig. 3 and fi, 
SI). Within DCs, endocytosed OVAgay strictly 
colocalized with the MR (Fig, 3A), whereas the 
ssnall quantities taken up by pinocytosis (Fig, 
18) were insullicient for microscopic visualiza- 
tion, Therefore, pinocytosed antigen wats moni- 
tored with the use of the surrogate marker LY 
amplified by antibody staining. This approach 
revealed that LY and OVA did not colocalize 
(Fig. 3A and table $1, indicating that pinocy- 
tosis and the MR supplied distinet intracelhular 
compartments, MR-endocytosed OVA was 1o- 
calized in organelles expressing the early endo~ 
somal marker RabS and the early endosomal 
antigen 1 (EEA1), Consistent with the previ- 
cous finding that the cytoplasmic domain of the 
MR did not target antigen toward lysosomes 
(29, MR-endocytosed OVA was excluded 
from late endosomes or lysosomes revealed 
by Rab7 oF lysosomabassociated. membrane 
protein 1 (LAMP-1) staining or by the 
fluorescent dye lysotracker that accumulates 
in the acidic lysosomes (Fig. 3B and table $1). 
In contrast, pinocytosed antigen was trans- 
ported exclusively toward lysosomes lacking 
the early endosomal markers (Fig. 3B), This 
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ration was stable because, even for 6 hours 
ake, MR-endocytosed OVA re 
ed to EAT endosomes and was 


sep: 
after antigen 
mained conti 


excluded from lysosomes, whereas the opposite 


was observed for pinoeytosed! material (fig. $2). 

Subcellular antigen localization corrctated 
With the selectivity of its presentation, because 
pinocytosed LY colocalized specifically with 
lysosomal MHC I, whereas MR-endocytosed 
OVA colocalized exclusively with MHC 1 (Fig 
3C). Only MR" early endosomes, and not MHC 
IM lysosomes, contained eross-presented OVA 
(Fig, 3D and table S1), which was visualized by 
means of the monoclonal antibody. 2S-DI16 
(19) that specifically recognizes the OVA 
peptide SHNFEKL (Ser-Hle-tlc-Asn-Phe-Glt- 
Lys-Leu) when bound to the MHC 1 moleule 
K® (25) and that has been previously used for 
immunofluorescence microscopy (//. 26). Spec- 
ificity of 25-D1.16 staining for emoss-presented 
OVA was confined by the lick of such staining 
in the absence of antigen oF of the MR and after 


Fig. 1. DCs use only 
MR-mediated endocy- 


tosis to obtain antigen 
for COB" T cell activa- 
tion and pinocytosts for 
Ca" T cell activation. 
J) MR-eicent DCs can 
ot cross-present OVA to 
OF calls, whereas OT- 
cell activation is. unaf- 
fected. 2, intereukin-2 
(B) The AR mediates the 
uptake of large amounts 2 
of OVA by a subpopula 1s] OMA’ 
tion of DCs, resulting in I 
an ~1004old fuoreseence QT-| 214 
increase, All DCS took up 3] 
small amounts of OVA 
by DMA-inhibitable pino- . 
‘ytosis, causing a four OVA[mg/ml) 0 02 
tosixfold fluorescence 
increase. Gray areas de- 
rote DCS cultured without 
antigen. Meanflorescence Go 
intersty values + SD are * 
shown, Asters refer to Ze 
‘given P values, (C) Block- 5 
Eanes teen OTHE 
alter_crosspresentation 3 
to OF cells, whereas * 
OF cell activation is ° 
abolished, (D) Pinooytoss OVA 
‘of LY is unaffected by DMA - 
MR-mediated OVA up- 200 
take. (E) MRT DCs, ob- ws 
tained by cell sorting, T 
present OVA to OF-It cells ‘ 
more effiently than mr* OT-1 bis 
DCs. Eror barsin (A, (0, Eh 
and (E indicate 1 SD. bt 

we 

OVA - + 

OMA - 
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blockade of the proteasome (fig. $3), which is 
required for eross-presentation (4, 7.8, 10-12) 
The confinement of cross-presented OVA to 
a distinct class of endosomes and its excli- 
sion fom lysosomes were also observed in 
Mos (Fig. 3E and table S1) and in ex vivo 
isolated splenic DCs (Fig. 3F), This suggests 
that cross-presentation of OVA. in these 

Periments depended on antigen location in an 
‘early endasomal compartment. This interpreta- 
tion was tested with the use of MR-deficient 
Més to determine the subcellular location of 
SR-endocytosed OVA. Such OVA was not 
cross-presented (Fig 2A and fig. $3), despite 
uptake at high amounts (Fig. 2B) that even 

ficed for dineet intracellular visualization (Fis, 
3G). If antigen location in these carly endo. 
somes was required for eross-presentation, 
then such organelles should not contain SR 
endocytosed OVA. Indeed, this appeared to 
the case (Fig. 3G and table $1), because SR- 
endocytosed OVA did not colocalize with EEA| 


REPORTS. [ 


(Fig. 3G) or MR-endocytosed antigen (Fig, 31), 
Instead, it colocalized with pinocytosed LY in 
lysosomes over an extended period (Fig, 3G and 
figs. S4 and SS). These findings provide further 
evidence that highslose antigen intended for 
MIC T-restricted presentation and for cross- 
presentation are routed through different organ- 
elles in Mes, The ability of the 
OVA. away from lysoson y 
also explain why bone marrow-derived Mébs 
were particularly efficient at eross-presentation 
in our experiments (Fig. 2), although their lyso- 
somal compartment has been shown to de- 
we antigen far more efficiently than that of 
DCs (27). 

The experiments examining T cell responses 
in Figs 1 and 2 did not pennit us to quan- 
tiatively and dincetly compare the capabilities of 
DCs and Mébs to cross-present, However, some 
comparisons could be made by directly exam- 
ining cross-presented antigen on the APC sur 
face, When viable DCs and Mébs were stained! 


m|t* 
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Fig. 2. Mobs use only MR-endocytosed antigen for CDB* T cell activation, 
whereas pinocytosed and SR-endocytosed antigens were used only for 
D4" T cell activation, (A) MR-deficient Mbs cannot cross-present OVA to 
OF-1 cells, whereas OT-I1 cell activation is unaffected. (B) Endocytosis via 
[MR and polyl-inhibitable SR is responsible for high-dose OVA uptake by 


With the 25-D1.16 antibody, ow eytometry 
revealed a small thuorescence shift (Hig. $6), 
\Which hs been reported 10 indicate the presence 
‘of eross-presented OVA on the cell surface (8), 
This shift was confined to MR™ DCs and MR™ 
Mébs and was absent from APCs lacking the MR 
(ig, $6). Thus, only those APCs canying eros 
presented OVA in endosomes also displayed it 
‘on thet cell surfice, which is consistent with 
the observed restriction of OT cell activation 
to these APCs (Figs. 1A and 2A), Quantitative 
analysis showed that, on a per cell basis, MR™ 
DCs were superior to Md 

presented OVA on the st 

These results support a model of antigen 
presentation, in which the MR introduces OVA 
specif ly endosomal com- 
partment for subsequent crossepre 
Simultaneously, pinocytosis and, in Mids, SR- 
mediated endocytosis conveyat OVA. to Iyso- 
somes for MHC restricted presentation (Fig 
31), Our results indicate that mechanisms 0 
antigen uptake can dictate the intracelhilar des- 
tination compartment anid thus the presentation 
‘of antigen to CD4* or CDS" Tells, 

Several possible implications arise trom this 
model. First, receptor dependence of ross- 
presentation may allow APCs to restrict this 
pathway to stages of maturation that express 
le receptor(s) oF to distinct classes of an- 
en. Second, receptor dependence may be 
complementary mechanism to differences in in- 
tracellular processing pathways (2/) that restrict 
‘eross-presentation to particular APC subpopu- 


27 APRIL 2007 


lations. Consistent with previous reports show- 
ing that murine CDSa" DCs had dedicated 
eross-presenting fnctions (9, 2/. 28, 29), we 
‘observed that only CDSa” DCs expressed the 
MR (fig. S7) suggesting that only these DCs 
niki imtemalize OVA into endosomes. dedi 
cated to crass-presentation, DEC-205 may be a 
further receptor linked to such endosomes, be 
‘cause antigen targeted to this mokwuke on CD8a’ 
DCS by means of a specific antibody was cross 
presented (2/). However, DEC-205 differs from 
the MR by its ability to also tanget antigen 
towant MHC IL restricted presentation (2/, 24). 
Consistent with this capability, a major pat of 
DEC-203-intemalized antigen has been re- 
ported to be localized within lysosomes (24), 
Future stuslics may determine whether DEC-208 
can target its cargo both to the lysosomal com- 
partment and to the MR™ early endosomal 
compartment described here. Third, the consti- 
tutive activity of pinocytosis seen in all DC 
subsets may ensure that eross-presenting DCs 
‘can acquire antigen for induction of cognate 
CDF T cell help. Such help requires that the 
same DC stimulates both specific CDS" and 
CDS" T cells. which & essential for effective 
CDS" T cell responses (30, 3/), Constiutive 
pinocytosis avoids situations in which cross 
presenting DCs cannot simultancously stimu: 
late specific CD" T cells because of a lack of 
receptors capable of targeting the MHC It pre 
sentation pathway. A founh implication per 
tains to the cell biology of cross-presentation, 
Current mechanistic models assume that anti- 
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‘Mobs. Gray areas denote controls without antigen. Mean fluorescence 
intensity values + SD ate shown. Asterisks refer to given P values, (C) 
‘Simultaneous blockade of the SR with poly! and of pinocytosis with DMA 
abolishes OT-I cell activation, whereas cross-presentation to OT-1 cells is 
‘unaffected. Error bars in (A) and (C) indicate 1 SD. 


gen must be rescued from Lysoson 
tion by intracellular diversion toward 
compartments (4, 7-72, 15, 32), Our finding 
that soluble antigen can already enter the cross 
presentation pathway during endocytosis dem 
‘onstrates. that intracellular antigen “erossing” 
may not be necessiry, but this of course does 
‘ot nile out an additional role of intracealar 
antigensorting mechanisms, Fifth, the Rabs 
FEAL” stable early endosomes that we identi 
fied as committed to crmss-presentation resemble 
‘organelles recently described by Lakadamy 
«al. (33), who proposed that endocytosed 
‘was not indiscriminately delivered 0 a common 
cxdlosomal pool, Instead, the cango was intro 
duced either into dynamic, fast-maturing endo- 


degradation or into RabS* EEAL* “static” early 
endosomes, whose biological role in anti 

presentation was not addressed in that study 
Further studies that characterize the cell biol 
‘ogy of a posible early endosomal compartment 
committed 10 eross-presentation are required t0 
clucidate their relation to previously: described 
static early endosomes (33), Finally, the lack of 
intracellular staining for cross-presented OVA 
after proteasome blockade suggested that anti- 
xgen had to be exported to the cytoplasmic pro- 
teasome for peptide generation, reminiscent of 
the recently described export of cell-associated 
antigen from phagosomes and subsequent 1 
import of peptides for MHC 1 loading within 
phagosomes (8, 17, 12). IL is possible that sim- 
ilar antigen-relocation mechanisms operate in 
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Fig. 3. MR-mediated endocytosis conveys antigen 


tysowaaer® eat into an endosomal compartment distinct from that 
supplied by SRs and by pinocytosis (A) Immature 
DCs were allowed to endocytose OVAg andor LY 
for 20 min, were chased for another 20 min, and 
were fixed and stained for intracellular MR expres: 
Rab7 Rabs sion or for pinocytosed LY (19). MR-endocytosed 
OVA és excluded from the organelles that received 
LY. (B) Pinocytosed LY is localized in lysosomes 


identified by lysotracker but not in organelles 
expressing EEA1, RabS, or Rab7, MR-endocytosed 


ca uy ker EAT OVA is located only in early endosomes containing 
— EE 


ICI. (D) In DCs, cross-presented OVA, in 
25-D1.16 


MHC It 


led by the 25-D1,16 antibody, 
ely in MR* EEA” endosomes 
but colocalized neither with MHC I nor with 
pinocytosed LY. Cross-presented OVA partially 
colocalized with unprocessed OVA, (E) In Me 
ited OVA was also found only in MR 

EEAL™ endosomes but not in MHC II* lysosomes 
(F) Cross-presented OVA is confined to MR* endo- 
somes also in CD1A¢* splenic DCs that had been 
isolated ex vivo, (G) MR-deficient MDs internalized 
high-dose OVA, which was not delivered into EEAL* 
ad colocalized with pinocytosed 
of simultaneous uptake of SR- 
and MR-endocytosed antigen into separate com 
partments of the same Mb (19), Cell nuclei were 
4’, -diamidino-2-phenytindole 

ing in blue, lysotracker staining was performed 
with unfined cells, and nuclei of unfixed cells were 
visualized with Hoechst 33342 dye, Separate 
OVA channel images and controls are available in figs 
S1 and $3, Statistical analysis is provided in table 
S1. ) Proposed modet of antigen uptake, rout 


25-D1.16 
a we wat’? ing, and presentation. 


MHC 1 MR-endocytosis 
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was located exclu 
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presentation of ntgen. kaso bee fr im cs aimed at induc 4 CC Naty et a. Skence 304, 1318 (200 
emphasized, however, that cross-presentation of CI cll- mediated sais Cea ennai 
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from that of soluble antigen (8, 10-12, 17) , 
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carly endosomes in classical « 
remains to be shown, W 
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Liquid Chromatography Literature 
Anew CD contains a large collection of liquid 
chromatography (LO) application notes in a 
concise template for ease of searching and ret: 
erence, It includes more than 230 one-page 
application notes and alphabetically catalogs 
information regarding more than 500 com 
pounds, The CD also includes the Perkin€lmer 
consumables catalog. 

PerkinElmer For information 412-456-0986 

vw perkinelmer.convCseparations 


High-Throughput Dynamic Light 
Scattering 

The new High-Throughput Dynamic Light Scat 
tering (HTDLS) instrument combines the bene: 
{its of Viscotek’s patented single mode fiber 
technology and an entirely new three-axis, 
automated platform. The HTDLS delivers high 
sensitivity, and features a wide range of tem: 
perature control and low sample volume. The 
HTDLS cuts measuring times to about a minute 
per sample. 

Viscotek For information +48 1344 467 180 
vmvscotek com 


Solid Phase Extraction System 

The Microlute Solid Phase Extraction (SPE) sys: 
tem for analysis of pharmaceutical compounds 
in biological fluids can be used for analyzing 
compounds ranging in chemical nature from 
highly lipophitic steroids to water-soluble nucleo- 
side analogues. The individual well capacity of 
the low-sorbent mass phases used in the Micro: 
lute are sufficient for robust and reproducible 
analysis of drug metabolites in the Low ng/ml 
concentration region typically found in biologi. 
cal fluids. The instrument offers automated, 
high-throughput SPE sample preparation in a 
convenient microplate format capable of rapidly 
processing 96 samples. Constructed from asingle 
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Tissue Homogenizer 


www.sciencemag.org/products 


The benchtop Precellys 24 is dedicated to the grinding, ysis, and homogenization of bio- 
logical samples. It can handle difficult samples such as microorganisms and bacteria 
spores; hard tissues such as teeth, bone, kidney, muscle, and hair soil samples: plants; and 
more, It can load up to 24 tubes simultaneously. Protocols are flexible and easy to set. 
Bulfer and samples are added in 2-mi tubes pre-filled with specific beads, either glass, 
‘ceramic, or metal. The single-use tubes prevent cross-contamination. The high speed and 
specific motion guarantee homogeneous and elficient grinding for reproducible, high: 


‘quality results, 


Bertin Technologies For information +331 39 30 61 69 wma.bertin tr 


piece of molded plastic, the Microlute will not 
bend or distort because individual SPE car 
{ridges do not have to be repeatedly plugged in 
and out. Featuring a proprietary sorbent slurry 
loading technique, the instrument eliminates 
the channeling effects that often limit the per 
formance of dry-powder-loaded SPE columns. 
Each well on the Microlute has an individual 
drain spout, ensuring 100% sample transfer 
and no crossover contamination. 

Porvair Sciences For information 

+44 1932 240255 wm porvair-scences.com 


MAPK Cell Signaling Antibodies 

A number of antibodies are available to study 
the mitogen-activated protein kinase (MAPK) 
cell signaling pathway. Anti-ACTIVE MAPK and 
Anti-ACTIVE INK antibodies are designed 
specitically to detect the active, dually phos: 
phorylated forms of MAPK (ERK1 and ERK2) 
and JNK, respectively. Anti-ERK1/2 pAb, Rab: 
bit, is an antibody that recognizes both the 
phosphorylated and non-phosphorylated forms 
(of ERK1 and ERK2. Anti-pT™ MAPK pAb recog: 
nizes phosphorylated ERK1/2 at the threonine 
residue in the TEY motif present in the catalytic 
core of ERKI and ERK2. 

Promega For information 800-356-9526 

vn. promega.com 


Peroxidase Substrate 

The ImmPACT DAB is based on 2 new formula 
for diaminobenzidine (DAB) 
substrate. Its enhanced sensi 
darker, crisper, brown precipitate than conven: 

tional DAB substrates. tis suitable for immuno- 

histochemical staining and membrane-based 
blot detection with any horseradish peroxidase 

based detection reagents. The ImmPACT DAB 
reaction product is resistant to ethanol and 
organic solvents, enabling dehydration and 


permanent mounting of stained preparations, 
The sharp color deposition on tissue sections 
allows for excellent contrast with traditional 
counterstains like hematoxylin or in combina: 
tion with other enzyme substrates for multiple 
antigen labeting 

Vector Laboratories For information 
(650-697-3600 won vectoriabs.com 


Cytochrome c Release Kit 

The InnoCyte Flow Cytometric Cytochrome ¢ 
Release Kit relies on selective permeabilization 
of the cellular membrane to release cytosolic 
components, while leaving the mitochondrial 
membrane intact, Cells are fixed and can be 
used for multi-parameter analysis of apoptotic 
cells oF stored for future analysis. Cytochrome ¢ 
is detected with a specific monoclonal antibody 
and a secondary antibody labeled with fluores 
«ein isothiocyanate (FITC), either by flow cytom: 
etry oF fluorescent microscopy, Other fluores: 
cent-labeled antibodies can be substituted for 
the FITC-labeled secondary antibody, offering 
the flexibility of multi-parameter analysis, 
Viable cells stain cytochrome c, but cells com: 
mitted to the apoptotic process release 
cytochrome c from the mitochondria to the 
‘oytosol and do not stain. Unlike traditional cel- 
lular fractionation protocols, this assay is 
amenable to high throughput screening and 
seul for analysis of scarce samples. 

EMD ~ Calbiochem For information 
800-854-3417 wwmcalbiochem.com 


Neniy offered instrumentation, apparatus, and laboratory 
‘materaiol interest to recerchers i all icine in academe, 
‘industrial, and government organizations ae featred inthis 
space. Emphasis is given to purpose, ce characteristics, and 
ability of products and materials. Endorsement by Science 
{AMS of any products or materials mentioned is nat implied. 
‘Additonal irformation may be obtained fromthe manulacuer 
supp. 
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United States & Canada 
Email adverise@sciencecareersorg 
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ASSISTANT CURATOR 
“The Field Museum, Department of Geology 
Chicago, Minois 

“The Fic Muscum’s Department of Geology schs 
2 bread interested. prose collage with 291 
owatve specmen bal escach program in mcr 
Ichratepacontedogy. Specal aes of mers ncade 
Sistema, pogenctn, mombotoge evelation, 
inogcograpiy, brtratgrapy and faininocs, and 
palsocclogy, The sacctadat candidate wil hve 
Ph.D, 2 sgnicant record of scent achicveicnt, 
ans ic expected to bul 4 strong cscarc program 
‘with ek component. The postion ental the cu 
‘ation ofa majoefwalivertrate collection. Cars 
{ore partcpote in a wade range of public Karing 
Froglame (nding ehibes, menering and infra 
Siaron) inion advancements adminis 
Sind serie acces Pariopanion in undergraduate 
nt gacdkuer cdicaton aaret vanento ais 
ong encourged 

The sarch o trgcied at the Avistant Cursor 
love, bur candies at 3 higher level may be con 
filer. Plemeinchade:curmculum sia aatement 
Of escach cctv, and ope af rekvant pubs 
tions. Direct pation toy and arrange fr thie 
Keres of reference ro be set 

Search Committee, Department of Geology 

“The Field Mtaseurn 
1400 South Lake Shore Drive 
‘Chicago, 1 60605-2496 

Pea ersu tha al of he oe item cep copies 
of pubkatons ae abo set as emal arachmns, 
suchas PDS oe Word documents (the peered 
plication i Microntt Word, although WordPerface 
Wako aecepeble) E-mall addres for this sarc 

lawson @ficldmuscum.org, 

ne for applications is September 1, 2007. 
Comideraton of appications wil eg Seperiber 25 
S00" 


MULTIPLE FACULTY POSITIONS 
IMMUNULOGY, BACTERIAL, and VIRAL. 
PATHOGENESIS 
Indiana University School of Medicine 
Department of Microbiology and Immunology 
Website: http://www iupui.eda/~micro/ 

The Department of Mirobiology and Immunol 
ogy is seching outstanding candidates with a Ph.D, 
fof M.D./Ph.D, degrce for Faculy penitions in the 
areas of cellular and molecular mechanisms of im 


‘munology, and/or bacterial or viral pathogencs 
‘Academic credentials and expericace will determine 
faculty rank 


NIH Rescarch Project Grant Program or equiv 
lent extemal peet-fevtewed funding & required: a 
peer-reviewed publications in high-canking journal 
Fine facaky member will be especial to. pune 
independent programs in original Wake research, com 
tioue vo secure exicrnal pane support, and pari 
pate in teaching gradieate ond metic! seudens 

‘A compeicive veartap porkige  valble inch 
lag new boraory gece. The eaninunmcat is Bighly 
Intech und peedoctve with dass Ges on cans 
to other basic scence and chnical’ departments ad 
research center 

Interested candidates should send their curict- 
Jum vise, descrption of research pools and mance, 
aukdrewics phone; fax amber, and e-mal addrsscs 
oof at les three Feferences to 

Hal E. Beosmeyer, Ph.D. 

Chatcnan anol Frofeanor 
Departsient of Scrobiology sad Masiailogy, 
‘Scientific Director, The Walther Oncology Center 
Indiana University School of Medicine 
635 North Barahill Drive, Room 420 
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Department of Molecular and Medical Pharmacol- 
‘ogy, University of California at Los Anj 
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‘Gene Therapeutics Research Institute and the De 
partment of Molecular and Medical Pharmacclogy, 
University of Califomia at Los Angeles to study the 
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‘Experimental Medicine 203: 2095-107, 2006, Cancer 
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Careers in Biotech and Pharma 


THE RIGHT FIT 


For scientists considering careers in the life science industry, the choice between biotech 
and pharma has sometimes been a difficult one. However, as both industries change, 
the question may be moot. By Gunjan Sinha 


2057 spturtnogesCorpeaton 


10 work in biotech or pharma? For newly minted Ph.D.s as well as postdocs consid: 
ering jobs in industry, that frequently may be the question 
may be that it does not matter. Pharmaceutical companies are increasingly acquit 
ing biotech companies to broaden their portfolios, and some biotech companies 

have grown so diverse that they resemble pharmaceutical companies. “The line between 

biotech and pharma has been blurring for years,” says Thomas Boehm, director of clinical 
development at Jerini, a biopharmaceutical company in Berlin, Germany. 
As little as 15 years ago, the two industries were clearly distinct. Pharmaceutical com: 


The answe 


however, 


panies generally focused on developing small-molecule drugs. They were large, structured 


environments that supported the bulk of research and development via s 


sand private 


or public investment, By contrast, biotechnology companies focused on biological drugs. 
those made from human or animal proteins, or created recombinantly. They offered tig 
knit and relatively unstructured work environm 
venture capital funding, government see 

The disparate industries made for ¢ 


5 and supported their research through 


money, or private and/or public investment. 


tinct work environme 


ts. Pharma promised pre: 
dictability, stable incomes, and defined roles. Bi 
unpredictability, and the opportunity or necessity, depending on on 
muddy one’s hands with all aspects of the business, 

But 
and management style are bette 
likely to encounter as both industries continue to evolve, say experts. For Ph.0.s weighing 


ichnology compan’ 


s offered volatility, 


ile the general distinction between the two industries still ex 


Is, acompany's size 


predictors of the type of work environment a scientist is 


a decision to work in one field over another, indivi 


ual company qualities and personality 


are important characteristics to consider when di 
fit 


ciding which job would provide the best 


Stories from the Industry 
Jean Yves Bonnefoy certainly expe 
cade working for Glaxo in Geneva during the "90s. Bonnefoy was hired as a rese 
entist in immunology. But he was always interested in other aspects of drug development. 
The company took notice and offered to send him to the London School of Business to 
attend a senior management program. 

“| took the opportunity and it’s been very useful,” Bonnefoy says. “Not turing research 


enced a nonstereotypical environment during his de 
ch sei 


into something that was useful for patients was unacceptable to me. To achieve that you 66 The line between 
need to understand more than just basic research.” 
Today Bonnefoy is vice president of research and development at Transgene, abiotech- biotech and pharma has 
nology company based in Strasbourg, France, that is focusing on immunotherapy to treat 
cancer and infectious disease, The company has four products in clinical development to been blurring for years. 99 


treat small-cell lung cancer, cervical intraneoplasia, B-cell lymphoma, and hepatitis C 
His job is largely managerial, but that doesn’t mean paper pus! a lotof manage 
ment coordination to make the company as efficient as possible,” Bonnefoy explains. 
really like the proximity between research and develop, 
notherapy]. There are no marketed products yet, but there's a huge need.” 

Of his experience at Glaxo, Bonnefoy says he was lucky. At the time the compar 
acquired biotech company Biogen’s Geneva-based facility. Glaxo's Geneva research center 
was small and the addition of Biogen employees contributed to a laid-back cul 
company not only trained himin business management, but also in project 


nt, especially in this field [immu UPCOMING FEATURES 


Focus on Diversity — May 11 


Regional Focus: NC/Research Triangle ~ June 8 


International Careers Report: UKand ireland — june 22 
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Careers in Biotech and Pharma 


“it’s a lot of management 
coordination to make the company 
as efficient as possible.” 

—Jean Yves Bonnefoy 


and staff management. In his role as 
researcher, he developed a poten- 
tial drug to treat different types of 
immune diseases and was able to 
accompany the molecule through 
the next stages—something most 
scientists at pharmaceutical companies are not able to do. However, 
“Someone's experience at another pharma company might be com: 
pletely different,” he adds, 

Indeed, Andrew Garner's experience in big pharmais closer to the 
‘norm, Garner has worked at Astrazeneca in Alderley Park, UK, for six 
years where he presently leads a team of eight people responsible 
for finding compounds that target cancer. After the team establishes 
that a compound is effective against a particular target, they pass 
the project on to other teams. But even though he is limited to early 
dtug research, Garner is satisfied. “I like working on the early stages 
such as figuring out what a drug should look like,” he says. 


Andrew 
Garner 


Pharma Changes Face 
As the industry is changing, so too is the tendency to compartmen- 
talize tasks. In recent years the flow of drugs hitting the market has 
slowed to a trickle and the pipeline of compounds in development 
has narrowed, In response, companies are restructuring their R&D. 
Pfizer, for example, recently announced plans to cut 10,000 jobs over 
two years, many in management and marketing. 

Those moves represent a shift by Pfizer toward a more specialized 
approach to drug discovery and follow another trend in the industry: 
streamlining R&D by focusing on specific disease areas—a strategy 
biotechs already employ albeit on a smaller scale. Oncology, immu: 
nology, and neurodegenerative diseases top 
the list at most companies as these are ar- 
eas in which very few effective drugs already 
exist. This has meant internal restructuring 
to place scientists with varied backgrounds 
into small groups to promote interdisciplin- 
ary collaboration and spur innovative ideas. 

“The research is evolving in that direc- 
tion,” says Ginger Gregory, global head of 
human resources for Novartis Institutes for 
BioMedical Research, Diseases were not 
usually studied as related disorders. But as 
science has revealed the links between can- 
cer and the immune system, for example, 
or heart disease and diabetes, industry has 
needed to respond. “Traditionally you would 
have silos of thinking,” Gregory adds. “But 
those days are over.” 
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Another force drawing the two industries closer is the grow- 
ing number of pharmaceutical companies acquiring biotechs to 
broaden their portfolios to include biological drugs. In 2006, As- 
traZeneca bought Cambridge Antibody Technology Group. The 
move followed the company’s acquisition of another biotech, 
KuDOS Pharmacetuicals, in 2005 and several agreements with 
‘small biotechs to co-develop drugs. The company expects that by 
2010 up to a quarter of drug candidates will be biological thera- 
peutic agents, said AstraZeneca’s chief executive officer David Bren- 
nan in a statement, In 2006, Merck also bought two small biotech 
firms with which it had been partnering, GlycoFi of Lebanon, New 
Hampshire, and Abmaxis of Santa Clara, California, 

Some companies are even restructuring to include internal re- 
search on biological drugs. Schering-Plough, for example, merged 
two of its California research facilities in 2005 to create a new uni 
in Palo Alto that focuses on monoctonal antibodies and other thera 
peutic proteins. 


Biotechs Still More Dynamic 

Despite pharma’s revamp, biotech companies generally remain more 
‘dynamic work environments because of their relatively small size, 
‘says Indu Parikh, president of BioMarck Pharmaceuticals, a biotech 
in Durham, North Carolina. 

Parikh, a 30-year veteran of the pharmaceutical industry, co-found- 
ed a biotech company in 1991 simply because he craved a change of 
pace. “It was a pioneer experience,” Parikh says. “We started from 
the ground up and after five years had hired 450 people.” It wasn't 
easy nor was it stress-free. He recalls days when he would don work. 
‘overalls to mop and clean glassware and then later switch into a tie 
‘and suit to meet potential investors. 

“In some respects, working in a small biotech is like climbing a 
steep ladder. It's difficult to climb and there are a lot of places you 
‘might fall down,” Parikh says. “By contrast, ina large company envi: 
ronment that ladder wouldn't be so steep,... but you might prefer the 
excitement of climbing the steeper ladder.” 

But biotech doesn’t necessarily offer the freewheeling environ: 
‘ment that people assume. “Suppose a scientist at a biotech wants to 
study a drug's mechanism of action," Parikh 
explains. “The company may not allow him 
to do that because it isn’t in line with their 
goals.” By contrast, a pharmaceutical com- 
pany with more funds and a bigger staff may 
allow it. 

Boehm agrees. “People have the impres- 
sion that biotechs only do cutting edge re- 
search. But I'm not sure we can take more 
risks than pharma, If our late-stage clinical 
development fails, we are in trouble. If a 
pharma company drug fails in the clinic, it's 
‘one project out of many.” So both industries 
tend to take a similarly cautious approach 
torisk. 

People who work in biotech, however, 
do tend to be more adventurous by na- 
ture. That’s because the continued » 


For more than 30 years, 
Genentech has been at the 
forefront of the biotechnology 
industry, using human genetic 
information to develop novel 
medicines for serious and life 
threatening diseases. Today, 
Geneniech is among the world’s 
leading biotech companies, 
with multiple therapies on the 
market for cancer and other 
unmet medical needs, 
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(In January 2007, Genentech was 
named to FORTUNE'S lis of the IN BUSINESS FOR LIFE 


Miles, Avasin® patient 


BECAUSE 


our CAUSE is Miles and his cancer. 


Genentech’s research organization features world-renowned scientists who 
are some of the most prolific in their fields and in the industry. Our more 
than 650 scientists have consistently published important papers in prestigious 
journals and have secured more than 5,500 patents worldwide (with an 
number pending). Genentech’s research organization combines the 
the academic and corporate worlds, allowing researchers not only 
to pursue important scientific questions but also to watch an idea move 
from the laboratory into development and out into the clinic. We are 
proud of our long history of groundbreaking science leading to first-in-class 
therapies, and we hope you'll consider joining us as we continue the tradition, 
Our continued growth has created opportunities in Research in our South 
San Francisco headquarters. Please take this opportunity to learn about 
Genentech, where the creativity and openness of an academic environment 
meet the rigorous dedication of industry-leading professionals focused on 
improving and extending people's lives 
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Careers in Biotech and Pharma 


“Each scientist is part of a 
development team that follows 
the drug along the pathway.” 
—Holly Butler 


Industry may self-select for 
risk takers, says Boehm. A bio- 
tech’s finances are precarious. 
Venture capital funding rarely 
extends beyond five years, Meanwhile, a drug takes 10 to 15 years 
to develop, Employees know that the company can quickly go bust. 
So a person who has a family and debts may be more likely to seek 
outa stable job. 

That might explain Boehm’s decision to stick to biotech over the 
past decade. The pace and the environment of biotechnology simply 
suited his personality, he says. “Pharma has many layers of manage- 
ment,” he explains. “There’s usually a long decision-making process 
and things can take too long to get done.” By contrast, most biotechs 
are bare bones operations, “Here people just jump in and learn as 
they go along,” That carries some disadvantages, he admits, be- 
cause people make mistakes, which makes the process inefficient. 
Nevertheless, he prefers learning by doing. 


Other Models 

Still other companies have evolved a culture of their own. San Fran- 
cisco-based Genentech, for example, started out as a small biotech 
in 1976, The company has since grown to 10,500 employees. Despite 
its size, “We still consider ourselves a biotech company,” says Holly 
Butler, principal staffing consultant for research. That's because the 
company maintains a flat management style. Butler likens the work 
environment to academia. Scientists work in interdisciplinary teams 
and participate in drug research from start to finish, 

“So if you imagine drug development as a biochemical pathway. 
each scientist is part of a development team that follows the drug. 
along the pathway,” she explains. A basic scientist is expected to 
patticipate in his or her drug’s development from start to finish. Ge- 
entech also allows its scientists discretionary research time to pur 
sue science that may not be related to the company’s goals. Avasti 
a drug to treat colorectal cancer, for example, grew out of a scientist's 
discretionary research that was only peripherally related to the main 
project. 


Companies Are Hiring 

Like other companies interviewed for this article, Genentech is hir- 
ing. But finding talent is easier said than done, “Baby boomers are 
retiring, the government has placed a cap on H1-B visas [for foreign 
researchers}, and there has been a surge in biotechs. The demands 
have increased but the supply hasn't, so our pool of top talent is very 
limited,” says Chris Hong, senior director of recruiting and staffing 
for Merck. And everyone is looking for similar characteristics. 
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Merck is, however, aggressively hiring, says Hong. Many of the 
‘new hires are to support research in areas on which the company has 
chosen to focus its R&D such as metabolic disorders and infectious 
Gisease. But the limited pool from which to choose has prompted 
‘some companies to shift their strategy: Instead of drawing people to 
them, some have opted to move nearer to the talent, 

Novartis, the giant Swiss drug maker, made waves in the phar- 
‘maceutical industry three years ago when it relocated its global re- 
search headquarters to Cambridge. Massachusetts, Novartis's chief 
‘executive Daniel Vasella made the decision after company executives 
analyzed potential places to expand, and concluded “that the single 
‘most important factor was access to talent.” 

Novartis currently employs over 1,200 people in Cambridge and 
plans to continue expanding albeit only in specific areas such as 
biologic drugs like monoclonal antibodies and RNA interference mol- 
ecules. 

Last year both Amgen and Schering-Plough also announced plans 
toexpand R&O operations in Cambridge. Amgen plans to increase its 
total staff of scientists to 400 and Schering-Plough expects to bump 
Lup scientific staff from 80 to about 200 people. 

The pharmaceutical giant Astrazeneca, which already runs one of 
the largest drug-company tabs in Massachusetts, plans to expand its 
Waltham complex and add up to 100 jobs. 

Genentech, on the other hand, has an easier time finding quali- 
Fied people. This year, the company topped the charts of Fortune 
‘magazine's “100 best companies to work for. * Genentech has also 
consistently ranked at the top in AAAS's annual survey of scientists. 
“We're lucky, people come to us,” says Butler. The company does, 
however, actively recruit by attending conferences and other events, 
where recruiters are likely to meet scientists. “We are looking for the 
best,” she adds, “and the word ‘settle’ is just not in our vocabulary." 

Other companies employ similar tactics but also advertise and use 
external recruiting agencies. But very often, potential employees are 
recommended by existing ones, say recruiters. 

Asearch on company websites shows open positions for chemists, 
immunologists, oncologists —positions across a range of disciplines, 
One difficult niche to fill s people who have experience in animal 
research and who also have an M.0.-Ph.D., says Hong. There is also 
considerable competition for experienced chemists, Novartis's Greg 
ory adds. 

Academic pedigree aside, companies also look for team players 
who have an ability to think innovatively and flexibly. Astrazeneca, 
in fact, puts candidates through exercises to judge their ability to 
‘work in a team. Integrity and self-discipline are also important traits, 
says Butler. 

“We really want people who want to make an impact,” says Greg- 
‘ory. “We want basic researchers who also think about patients and 
curing disease. We don’t want somebody who likes doing the same 
thing over and over again. We don't like complacency.” 

Biotech recruiters largely echoed those criteria, Consequently, a 
job in biotech or pharma may offer simitar benefits and costs. And 
‘as Bonnefoy and Parikh demonstrate, anyone who is dissatisfied can 
always change jobs. 


Gunjan Sinha is a freelance writer living in Berlin, Germany. 
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in me. 


Pure Science. It's the heart of our organization and the 
DNA of the people who make a career at Invitrogen, 


Supporting disease research, drug discovery and 
commercial bioproduction, we provide more than 
25,000 products and services to pharmaceutical and 
biotechnology companies, as well as academic and 
government research institutions. We focus on all 
major areas of biological discovery including functional 
genomics, proteomics, bioinformatics and cell biology. 


Current opportunities include: 
BUSINESS AREA MANAGER 


PRODUCT MANAGER 
PROGRAM MANAGER 

PROJECT MANAGER 

REGIONAL BUSINESS MANAGER 
RESEARCH AREA MANAGER 
SCIENTISTS 

SR. SCIENTIST 

TECHNICAL AREA MANAGER 


For more information about careers at Invitrogen, visit us 
online at www.invitrogen.com/careers. 


We are proud to be an Equal Opportunity Employer 
committed to hiring a diverse work team. 


Visit Us at BIO 2007! 
May 6 Career Fair - Booths 638, 640, 642 
May 7 - 9 Main Convention - Booth 1565 
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of excellence 
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in its people. 


pioneer 


DuPont's significant investment in its Agriculture & Nutrition Platform, including Pioneer Hi-Bred international, has created 
challenging, cutting-edge career opportunities for you. Pioneer wants you to be a part of our industry-leading plant 
genetics and biotechnology organization. You will join a team of talented, dedicated professionals. A large number 

of research opportunities exist at our 90+ worldwide research facilities, including our headquarters in Johnston, iowa 


As the leading developer and supplier of advanced plant genetics, our international presence and affiliation with our 
parent company, DuPont, will give you the opportunity to expand your career, join a growing industry and make a 


positive, global impact 


The World Demands... Can You Help Us Deliver? 
Learn more about Career Opportunities at http://www. pioneer. com/careers 
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Breakthrough Science 
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What | do matters 


I matter because my work is integral to the scientific 
research and development conducted here. in our 
applied research labs, our multidisciplinary team of 
professionals are innovative and committed to 
Scientific excellence. 


| matter because | have something to offer. 
To the world, my colleagues, and to myself, 


As one of the world’s largest pharmaceutical 
companies, sanofi-aventis is enriched by a mosaic 
of talent, Our Research and Development 
organization ranks among the best in the world 
and continues to employ individuals in a variety 
of areas, 


At the heart of all that matters are people, connected 
in purpose by career, by life, by health, 


Find your niche with sanof-aventis, 
Explore our opportunities online. 


www.careers.sanofi-aventis.us 


Sanofi-aventis is ranked among the top employers 
according to the recent 2006 Top Biotech and 
Pharma Employers survey conducted by 

Science magazine. 


Sanofi-avents 's an equal opportunity employer that 
‘embraces diversity to foster positive, innovative thinking 
that will benefit people worldwide. Sanofi-aventis is also 
committed to employing qualified individuals with 
disabilities and, where warranted, will provide reasonable 
accommodation to applicants, as well as its employees 
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D. E. Shaw Research, LLC 


Computational Chemistry and 
Biology Opportunities 


Extraordinarily gifted computational chemists, biologists, 
and other computational scientists are sought to join a 
rapidly growing New York-based research group that is 
pursuing an ambitious, long-term strategy aimed at 
fundamentally transforming the process of drug discovery. 


Candidates should have world-class credentials in 
‘computational chemistry, biology, or physics, or in a 
relevant area of computer science or applied mathematics, 
‘and must have unusually strong research skils, Relevant 
areas of experience might include protein structure 
prediction, the computation of protein-ligand binding 
affinities, the study of biologically important systems 
using molecular dynamics and/or Monte Carlo 
simulation, and the application of statistical mechanics 
to biomolecular systems—but specific knowledge of 
any of these areas is less critical than exceptional 
intellectual ability and a demonstrated track record of 
achievement. Current areas of interest within the group 
include molecular dynamics simulation of functionally 
significant globular and membrane proteins, the 
prediction of protein structures and binding tree 
energies, structure- and ligand-based drug design, 
characterization of protein-protein, protein-nucleic acid 
and protein-lipid interactions, and the development of 
algorithms for biomolecular simulations. 


This research effort is being financed by the D. €. Shaw 
group, a global investment and technology development 
firm with more than US $25 billion in aggregate 
investment capital. The project was initiated by the 
firm's founder, Dr. David E. Shaw, and operates under 
his direct scientific leadership. 


We are eager to add both senior- and junior-level 
members to our world-class team, and are prepared to 
offer above-market compensation to candidates of truly 
exceptional ability 


Please send your curriculum vitae (including list of 
publications, thesis topic, and advisor, if applicable) to 
sciencemag-cc@career.deshawresearch.com, 
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CAREERS IN BIOTECH AND PHARMA POSITIONS OPEN 


our genes. COLUMBIA UNIVERSITY 
RESEARCH SCIENTIST 


Innovation is 


you & i - your experience, Ilumina’s re- 
sources. lumina develops high quality, easy- 


to-use tools for large-scale analysis of genetic The Cote far te ekg the Reprint 
function that will lead to curing and ultimately lng TAD Research Sas diet the bas scence 


Preventing disease. We pursue this mission neath efor ofthe Centr. The pal ofthe ener 
with a focused intensity that actively engages indy herbal product preparations fr te 
all stakeholders ~ employees, customers and 2% niga therapies fo sand to 
tae Semone corey: on wees pyar Gace thir cet ecu of scion 
cians, investors, and others who strive to gh approved palca-based cline) tes 


Improve human health. We call this diverse, ‘snjacton wih the Cette’ Dito, Dr Aaron Rat 


driven team The Illumina Community. 


I model systems 10 sy the 


Illuminating the possibilities. be 


herapeutc ages thal the growth andr il fama 
Iilumina’s collaborative approach to ance, Preyloterest acide the wie of heal 
developing next-generation genetic analysis tatrdpredacs a chemopreentie agents fa bigh 
solutions is an ever-evolving cycle of tisk patents, (0 the preeaion of tumor fecuresce 


ther reduce wali and 


istening to all stakeholders, anticipating 
their needs, and then Innovating accordingly. It’s the essence of discovery 
through teamwork, of breakthroughs achieved through partnerships bullt 
across a broad spectrum of determined individuals. 


1 proposals or sub 
‘and ping. persettons 


We invite you to join The Illumina Community. As part of this 
extraordinary team, you'll enjoy highly challenging work that will have a 
truly global impact 


you & i. Let’s find the answers together. 


elated eld with 3-4 yeas 


suimmary of ther research 


www.illumina.com/JoinUs Ailey al plo td the aus of ew coferoetes Ws 


Ideas come naturally to us. De, Aaron Kate 
Associate Professor 

Coluabia Caiveesity Department 
ferbert ving Pavii 

9885 Tc 235 161 Fon Washington Aveaue, 11th loor 


N OIEGO, cA Saiz illumina New Yor, NY 100 


of Urology 


POSITIONS OPEN 


Tenure-Track Faculty Positions 
University of Pittsburgh 
Massachusetts General Hospital f School of Medicine 


Harvard Medical School Structural Biology Department 


Faculty Position in Brain Tumor Research The Department of Structural Biology at the University of Pittsburg 


School of Medicine is conducting a search for ereative individuals who 
The Massachusetts General Hospital and Harvard Medical School ar apply structural and biophysical methods to address questions of biologi 
seeking applications atthe level of Assistant of Associate Pr r cal relevance. We are particularly interested in candidates that use N-ray 
establish a dynamic, integrative esearch program inthe b crystallography or solid state NMR as their major techniques, Current 
‘mas, Potential areas of interest incluale mouse models, tumor stem cel faculty in the Department are James Conway (cryo-EM of viruses), 
biology. pharmacology. growth factors and immunology although othe Angela Gronenbora (protcin structure by NMR), Ricko Ishima (protein 
themes will be considered. The appropriate candidate should bold eit namics and NMR relaxation), Judith Klein-Seetharaman (dynamics 
Ph.D, or M.D. degree o both, Departmental assignment within Harvard ‘mimbrane pr ‘Wetael (biophysics of amyloid formation), 
Medical School will depend on research focus. The candidate should be © membrane proteins and bio-nano. 
an accomplished investigator with demonstrated rescarch excellence (cryo-EM and tomography of molecular 
publications in the biomedical literature, and peer-reviewed grant support machines). The Department of Structural Biology is housed in a new 
The appropriate candidate should be able to develop concepts that lead to state-of-the-art science building (BST3) with outstanding equipment for 
a better understanding of the biology of gliomas and theie therapy. NMR spectroscopy, X-ray crystallography cryo-clectron microscopy and 


This opportunity includes generous start-up funds and laboratory space in eee” 


the Simches Research Center at MGH that opened in 2005. The position The University of Pittsburgh is the seventh most highly ranked domestic 
features many opportunites to collaborate with othce scicmtists involved stitution of higher education in terms of NIH funding. and offersa very 
in glioma research at Massachusetts General Hospital. This position will wide spectrum of collaborative opportunities. Applications are invited for 
also include collaboration with a large clinical brain tumor program anks and highly competitive salaries and start-up packages will be 
at Harvard Medical School supported by multiple NIH grants and the fered. Applicants should hold PhD andior MD or equivalent degrees 
opportunity to supervise research fellows supported by an NCI-spon: anal have demonstrable expertise and scholarly achievement in structural 

ant in neuro-oncology. Applica 1m wornen biology or biophysics. Application material including the candidate's 


representatives of minority groups are encouraged, Interested candidates im ae, a statement of research interests as well as names and 


should forward curriculum vitae, a brief statement of research interests contact information for three references, and should be sent to: Angela M. 
and 3 letters of recommendation to: Valerie J. Smit c Gronenborn, Ph.D. c/o Janet Zambotti Professor 
Catherine Pappas Center far Neuro-Oncology: and Chair, Department of Structural Biolo 

cl 5 Fruit Street; Boston, MA 02114-2696: School of Medicine, 3501 Fifth Avenue, 10: 
15260, of jobsia structbia.pitted 


wachusetts General Hospital is an The University of Pitsburgh is an Affirmative Action 
‘Opportunity Employer. Equal Opportunity Emplover 


NIDDK @) Tenure-Track Position in Clinical Research in Diabetes and Kidney Disease 


We seek an outstanding scientist to direct a vigorous, innovative clinical research program in the epidemiolo 
treatment of type 2 diabetes, diabetic nephropathy, and related disorders. Applicants must be highly motivated and have a demon- 
strated track record through publications that address significant issues of causation, prevention, and treatment of these conditions, 
Applicants must also be licensed to practice medicine in one of the United States and have substantial experience in community 
relations, recruitment, and clinical research among US minority groups, The successful candidate is expected to develop an inde- 
pendent, world-class research program complementafy fo current investigations within the Phoenix Epidemiology and Clinical 
Research Branch (PECRB). The position comes With generous start up funds-@nd on-going support. 


The PECRB, NIDDK is located in Phoenix, Arizona. ‘The Branch represents interests sifnylar in range to those of an academic 
department. There are strong interetionsamong the independent research groups, and the position ofters unparallcted opportunities 
for interdisciplinary collaboration Within NIDDK and throughout NIH. Applicants should submit a curriculum vitae, bibliography, 

ies of three major publications, a summary of research accomplishments. a brief statement of future research goals, and arrange 
for three letters of reference tobe sent to: 


Dr. James Balow, Chair, Search Committee, c/o 
National Institutes of Health, Bethesda, MD 20892. 


tnnis Vance, NIDDK, 9000 Rockville Pike, Bldg. 10-CRC/Rm. 5-2551, 


Application Deadling»June 8, 2007. 


This position is subject fo a background investigation. 


$} Principal Investigator 
PET Radiochemistry Laboratory-NIBIB 


‘The Intramural Research Projraiof the National Institue SF BietBedical Imaging and Bioengineering (NILIB) i seek a enuFSd|Ge tenure-track scientist to 
lead the Positron Emission Tomography (PET) Radiochemistry Laboratory, Koeatad on the Bethesda eainpas oF NIT. The laboratory eurrenty consists of three 
cesperienced staff radiochemists. as well as technicians and post-doctoral fellows. Dedicaicd space ineludes.a fully equipped PET raliochemistry laboratory with 
direct acess tothree eyelotronsanda microPET animal imaging facility. as well as aditonal expansion lab space. Wescck an individual who will provide seientific 
leadership in cutting edge. high impact PET rescarch preferably with a emphasis in one OF more ofthe following disciplines: synthetic radiochemistry, automated 
rdiosynthesis, micofluidies, PET instrumentation, or image processing. A competitive resource package and abundant collaborative opportunitis exist throughout 
the NIN campus, including interactions with fimerous investigators, unique animal models, and aeeess human and large animal PET imaging studies, 


‘The applicant should hold a Ph.D, M.D. or equivalent degfte: Interested individuals should subenit their complete CV and cover letter along with a brief outline of 
povential research plans along with 3 letters of recommendation fo Ms. Patty Runyon, 6707 Democracy Boulevard, Suite 202, Bethesda, Maryland 20814, The 
‘losing date for this positon will be June 30, 2007 


‘Standards of Conduet/Financial Disclosure: All employees ofthe Federal Government are subject to conflict of interest and regulations, including the Standard 
‘of Ethical Conduct, that govern activities with outside organizations and reporting financial holdings. Before emtcring on duty. you will be required to complete 
Confidential Financial Disclosure Report. OEG-450, You will ned to provide the information annually. Applicants are encouraged to review the NIH Ethics 
Program website hip ethics oni gov 


NIH is an Equal Opportunity Employer. Selection for this position will be based solely on merit, without discrimination for non-merit reasons such as re, color, 
religion, sex, national origin, polities, marital status, sexual orientation, physical or mental disability, age or membership or non-membership in an employee 
organization 


“The National Institutes of Hath inspires public confidence in our science by maintaining high ethical principles. NIH employees are subject to Federal govemmment- 
‘wide regulations and statutes as well asagency-specifc regulations described at itp ethics od nih. gov. Weencourage you to review thisinformation. This position 
is subject wa background investigation, 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


tut NATIONAL INSTITUTES OF HEALTH 


CHIEF, OFFICE OF EDUCATION 


‘The Division of Cancer Epidemiology and Genetics (DCEG) ofthe National Cancer 
Insitute (NCI in Rockville, Maryland, i recruiting a Chief to lead its Office of Eduea- 
tion (OE). The DCEG OE overses the recruitment of high-caliber post-doctoral and 
Pre-doctoral fellows: provides oversight of fellows’ traning and career progression: and 
develops and promotes graduate program partnerships with public health and medical 
schools inthe U:S. and abroad. Currently, there are approximately 6S post-doctoral and 
Pre-doctoral fellows in DCEG. The OE also coordinates the DCEG summer esearch 
Program tat offers fellowships wo high school college, and graduate sudents interested 
in exploring carers in cancer epidemiology and genetics. The Chief represents DCEG 
at NCI and National Institutes of Health (NIH) meetings relevant tothe coordinate of 
training, recruitment, and educational activities. The possibility of research resourses 
and appointment is subject vo negotiation 


The successful candidate must old a medical or doctorate degre i epidemiology, bio 
statistics, o a relate fed er demonsras the equivalent level of epidemiologic training 
He or she must possess strang communication skill both oral and writen, and provide 
evidence of successful mentoring, along with other relevant administrative expenence 
Salary wil be commensurate with qualifigations and experience. Full Federal benefits 
including leave, health and life insurance, loterm care surance, retirement, ad sav 
ings plan (401k equivalent) will be provided 


Individuals shoul! senda statement of nferest, curriculum vita and bibbograpy, and the 
‘names and adresses of three references lo: Ms. Sandy Rothschild, Division of Cancer 
Epidemiology and Genetics, Nahonal Cancer Institute, 6120 Executive Biv, Room 
063, Bethesda, MD 20892, E-mail: rothschs@ mail.nih.go, htp:/dceg.cancer.gov 
The search will continue indefinitely until a qualified applicant fs found, 


This postion i subject to abackysound investigation. 


Xec@ 


Cochlear Genetics 


The Section on Neurogenetics at the Nationalnstitute on 
Deafness and Other Communication Disorders seeks to fill 
a postdoctoral or research fellow position. ‘The position is 
supported by a stipend/salary and Zenerous research funds 
Applicants interested in pursuing their research interests 
s of the cochlea’ in,the mouse are 
e proposal along with their CV, 
APhiD. anor 


ce is required 


related to the gen 
invited to submit a two-p: 
bibliography and names of three references. 
MD with less tha: 


five years of experi 


The intramural program has a synergistic assembly of] 
state-of-the art facilities and provides ample opportunities 
to perform innovative research. Please email material 
to Konrad Noben-Trauth, § 

National Institute on D 

tion Disorders, 5 Research Court, Rockville, MD 20850, 
USA. nobentk@ nided. This position is subject 


to a background invest 


Postdoctoral Fellowship 
Experimental Transplantation and Immunology 


Post-doctoral positions are available in the Experimental Transplantation 
nay section of the National Cancer Institute inthe laboratory 
lof Dr. Dennis Hickstein, The laborate 


in the genetic correction of hematopoietic stem cells i 


human genetic diseases. Experience in molecular genetic techniques is 
pended. The laboratory is located on the main campus in 
2w Clinigal Research Center in close proximity to the clinical unit, 


ilifating the-clinical application of basic investigation. 


The NCI offers competitive Pagt-Uoctoral stipends along with an exvel 
The DIYS anhNCI are Equal Opportunity 
that value and foster divergily throu 


on is subject to a background investigation, 


lent work environment 


Employ he entire ongani- 


zation, Posi 
Interested applicants should sad 3 CV, brief description of research 
interests and experience, atid eontact infomation for three references 


is D. Hickstein, M.D., Seniior Invest 
logy, Center for Cancer Research, 


This position is subject 19M backyround investigation 


Postdoctoral, Research 
and Clinical Fellowships 
at the National 
Institutes of Health 


www.training.nih.gov/pdopenings 


www.training.nih.gov/clinopenings 


Train at the bench, the bedside, or both 


jucation 


ining and 


THE NIH IS DEDICATED TO BUILDING A DIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


NIDDK ©) Tenure-Track Position in Human Energy Metabolism 


We seek an outstanding scientist to direct a vigorous, innovative research program in human energy metabolism and serve as Director of the newly 
established Metabolic Core Laboratory (MCL), Clinical Endocrinology Branch, NIDDK. The MCL performs a number of analyses including 
reise testing, physical activity monitoring, body composition measurement, and 24-hour energy expenditure analysis in health and discase 
Applicants must be highly motivated and have a demonstrated track record through publications that address significant contributions in the arcas 
ergy expenditure and phy'sical activity as it relates to metabolism and we ation, The suecessful candidate is expected to develop an 
independent, world-class research program complementary to current investigations within the Branch and to successfully oversee the functioning 
of the MCL. The position comes with generous start up funds and on-going suppor 
The Clinical Endocrinology Branch, NIDDK is locad.on théymain NIH campus in Bethesda Maryland, a suburb of Washington DC. The Branch 
represents interests similar in range to those of an academic department. There are strong interaetionsifong the independent research groups, and 
the position offers unparalleled opportunitis foe interisciplinaty collaboration within NIDDK ad throughout NIH. Applicants should submit a 
curriculum vitae, bibliography, copics OF three aidjor publications, a summary of research a€&oriplistimentsy@ brief statement of future research 
goals, and arrange for three leters of referepee to be sent to 


Dr, James Balow, C ‘earch Committee, c/o Glynis Vance, NIDDK 9000 Rockville Pike, Building 10-CRC/Room 5-2551, National 
Institutes of Health, Bethesda, MD 20892. 


Application Deadline: June 8, 2007 


This position is subject to & background investigalfion.. 


NIDDK © Tenure-Track Position in Endocrinology and Metabolism and Human Obesity 


We seck an outstanding scientist to directa vigorous, innovative research program in the Clinical Endocrine Section of the Clinical 
Endocrinology Branch to advanee knowledge in the area of obesity and weight regulation withparticular emphasis on the neurocn- 
docrine aspects of weight regulatiof and the role ofsleep in obesity. Applicants must be highly sptivated and have a demonstrated 
track record through publications that address siznificant contributions to the field of endoctinolégy aid metabolism, The successful 
candidate is expected to develop amindependent world-class research program complémentary.to current investigations within the 
Branch. The position comes with generous start up funds and on-going supports 


The Clinical Endocrinology Branch, NIDDK is located Ofthe maim-NIII campus ih Bethesda, Maryland, a suburb of Washington 
DC. The Branch represents interests similar in range to those of an academic department. There are strong interactions among the 
independent research groups, and the position offers unparalleled Opportunities for interdisciplinary collaboration within NIDDK. 
d throughout NIH. Applicants should submit a curriculum vitae, bibliography, copies of three major public nmary of 
research accomplishments, a brief statement of future research goals, and arrange for three letters of reference to be sent to: 


Dr. James Balow, Chair, Search Committee, c/o Glynnis Vance, NIDDK, 9000 Rockville Pike, Building 10-CRC/Roon 
2551, National Institutes of Health, Bethesda, MD 20892 


Application Deadline: June 8, 2007 


This position is subject to a background investig: 
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wcastle. One of only six Science Cities. 
One growing and prosperous region 


One great place to live and work. 


School of Mechanical & Systems Engineering 


Science City Chair in Bio-MEMS & Microfluidics 


For further details and information on how to 
apply, please visit our web site at 
2 Cty. Cent www.ncl.ac.uk/sciencecity 


Closing date: 25/05/07, 


'|Newcastle 
Newcastle Science City University 


TRANSFORMING TOMORROW 


‘Tho ESRF bs a multinational research isthe, 
~~ employing 600 stat, jocated in Grenoble. Tho 
ESRF is financed by 18 counties and caries 

‘ut fundamental and technological research 
<< wth synchrotron radiation. Weare curently 


The Department of Molecular P ‘seeking the (mv) 


Director General 


fhe You wil be the chiet executive of the ESRF and its legal 


he planning, co-ordination 
aoks as lid down i the Statutes, aed 
nt decisions ofthe ESRF Counc 


the annual 

rectves forthe development of 

jute scientific 
ratogy. 


1 proximity t 
Texas AM Institute 
suas Medical School at H 


iewed until the positions are filled. P 
scrialsto molphyxia bem.edu and includ 
‘current and Fi 


ore.tr 


The Health Sciences Research Division of PM USA is seeking Leading Scientists in several blomedicalrelated research areas. 


The primary goal of the Health Sciences Research Division (HSR) is to conduct health science research to facilitate the 
development of new methods and technologies with the potential to reduce harm associated with our products, 


In June 2007, PM USA research scientists will begin occupying the new 450,000 sq. ft., state-of-the-art Center for 
Research and Technology (CRT) facility, HSR scientists will work in collaboration with other PM USA scientists at the 
CRT to investigate and discover technologies for the reduction of harm associated with our products. 


To view Job descriptions and apply for the HSR positions, please visit ntbeatt ience.com 
and select ROSE under Job Searches. 


Health Sciences Research for Harm Reduction 
New Positions at Philip Morris USA 


#82118R 


ques to irvestigate the cause 


Re #922888 


Philp Mons USA sn eal 
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Director 
Washington State University Spokane Program in Basic Medical Education - WWAMI 


Applications and/or nominations are sought forthe Director of the new WWAMI (Washington, Wyoming, Alaska, Montana, 1dabo) Medical Educ 
Program at Washington Stale University (WSU)-Spokane. This position is also appointed as Assistant Dean at the University of Washington School of 
Medicine (UWSOM), 


‘The WWAMI Program is a five state cooperative medical education program. First year basic science medical classes are taught at existing state univer- 
the Seattle campus for the second year, and clinical sites across all five states for clinical education, The WSU Spokane WWAMI Program will 
nd will work in cooperation with the Regional Initiative in Dental Education (RIDE) and WWAMI Clinical Education sites in 

Spokane (http:/www.awmedicine.orgeducation WWAMD). 


Responsibilities: The Director is responsible for administering a frst year medical curriculum at WSU Spokane; coordinating the curriculum with that 
of UWSOM; ensuring a productive and extemally funded research environmcat for faculty; guidance and counseling of first year medical students; and 
budgeting of funds allocated to the programs from state, private and federal sources The Director also will recruit up to four WWAMI faculty. The Direc- 
tors primarily responsible for assuring the excellence of the first year medical school program: actively participating in teaching the first year medical 
school courses; and promoting research and other scholarly activities with the opportunity to continue an active research program, The Director will 
‘work closely with the WWAMI Clinical Education Center of caster Washington, the Area Health Education Center (AHEC) of eastern Washington, as 
‘well as other WWAMI first year and clinical deans and directors. The Director will work closely with the medical communities, university government 
offigers and public and private health care organizations in Washington. 


Rank: The Director will report to the Vice Provost for Health Sciences at WSU-Spokane, with a tenure track academic rank and salary commensurate 
‘with experience, He’she will also be an Assistant Dean at the UWSOM. and will report to the Dean through the Vice Dean for Academic Affairs, The 
Director will have an affiliate academic appointment in the appropriate department of the UWSOM, but will not accrue tenure rights atthe school. 


Minimum Qualifications: M.D. and/or Ph.D. in a science basic to modicine: demonstrated excellence in teaching medical students; demonstrated 
‘excellence in research including a record of external grant support; demonsirated excellence in interpersonal communication; demonstrated aptitude 
agement of budgets, personnel and other resources: and demonstrated interest and ability to provide leadership in a regional 
sducation program. Preferred Qualifications: Preference will be given to candidates whose rescarch complements ane ofthe existing strengths, 
including chromosome biology/DNA repair'epi-genetics, cancer biology, infectious disease, slecp and performance, substance abuse and addiction, at 
risk fhuilies and children and wranslational research, Strong collaborative ties exist with the WSU Pullman carpus, 


Salary: DOE. Beginning Date: September 1, 2007, For further information see www.hrs.wsu.edu, For futher information contact Dr. Michael Laskowski 
(milaskowdewsu.edu), Send leters of application, including a CV and e-mail addresses of throe refereuces to Patti Petersen (petersen(awsu.edu), 
Review of applications will begin June 1, 2007 
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. Stem Cell Network 
North Rhine Westphalia 


Search ScienceCareers.org for job postings 
The State of North Rhine-Westphalia (NRW) from these employers. Listings updated 
welcomes applications for three times a week. 


Featured Employers 


Junior Groupleader Fellowships Abbott Laboratories wwwabbott.com 
within the Stem Cell Network NRW Amgen www.amgen.com 
Candidates with a genuine interest in stem cell research, a Bina Piierrpmcnuticals) wwitelanicoyn/carsers 


successful record of postdoctoral research and a competitive Invitrogen www.invitrogen.com/careers 
scientific concept are invited to apply. 


Kelly Scientific Resources 
Successful opplicants will receive up to 1.25 Mio, Euro fer www-kellyscientific.com 
a 5 year groupleader engagement at one of the North Novartis Institutes for BioMedical Research 
Rhine Westphalian stem cell centers. ‘wew.nibr.novartis.com 
: pit Pfizer Inc. 
Deadline for application: July 1, 2007 EN 
For further details see www.stemcells.nrw.de Philip Morris 


wwww.cantbeattheexperience.com 
Become part of an innovative stem cell network comprising 


more than 35 scientific and medical institutions in one of Pioneer Hi-Bred 
the most vibrant academic settings in Germany. www.pioneer.com 


you would keto be a featured 
employer, 202 326-6543. 


Up) Technology ofthe State le [Metrwscene Manas] 


‘of North Rhine-Westphalia 


We invite applications for 
independent fellow positions 
from biochemists, biologists, 
chemists, computer scientists, 
engineers, mathematicians, 
neurobiologists, and physicists 
who are passionate in 

their pursuit of important 
problems in basic scientific 
and technical research. 


Application deadline: 
July 16, 2007 


For more information and to 
submit an application: 
www.hhmi.org/reffjanelialsei 


The Janclia Farm Research Campus of the Howard Hughes Medical 
Institute pursues challenging basic biomedical problems for which 
future progress requires technological innovation, 


Janclia Farm focuses on two research areas: the identification of 
general principles that govern how informacion is processed by 
‘ncuronal circuits, using genetic model systems in conjunction with 
imaging, clectrophysiological, and computational methods: and the 
development of imaging technologies and computational methods 


for image analysis. 


Farm is home to a vibrant and multidisciplinary community 
of rescarch groups, supported by outstanding shared resources within 
4 unique campus 40 minutes from Washington, D.C, Janctia will 
grow to about 40 research groups and offer an extensive program of 

ng faculty. We value research collaboration between groups as 


4 mechanism to enable long-range innovative scence and encourage 
the self-assembly of interdisciy 
coondinated applications from groups of individuals. Appl 


teams of scientists, We welcome 


from individuals at all carcer stages are invited. 


Fellows are independent scientists with resources provided for a 
Laboratory of up to ewo additional members (postdoctoral fellows, 
graduate students, oF technicians). Appointments are for a term 

of five years and are not normally renewable, Fellows’ laboratories 
are fully supported b 
Fellows have no formal teaching duties and 
responsil 


wernal funding, without extramural grants, 
jal administrative 
ies They are expected to engage in the direct conduct of 
research and in intellectual interaction with their colleagues. Janclia 
Farm hosts conferences, and fellows are encouraged to organize 
meetings in their areas of interest. 


Janelia Farm offers a supportive working environment with on-site 
child care, fitness center, and dining facilities on a 689-acre campus 
along the Potomac River in Northern Virginia. 


The Howard Hughes Medical Institute is an equal opportunity 
employer. Women and members of racial and ethnic groups traditionally 
underrepresented in the biomedical sciences are encouraged to apply. 
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University of Heidelberg 


‘The Faculty of Medicine Mannheim, University of Heidelberg offers 
{the folowing two postions 


Full Professor (W3) of Neurosurgery 
‘The Ful Professorship wil be a tenured positon. The successtu candidate 
‘spinal neurosurgery shoud be preserved. An additonal 


functional neurosurgery 's intended. The successtul candidate shoud 
cv tka party estabsehed and dovlopng respuch programs oo 


‘should have high ranking, 
cornmesrat Wine Yak of ht pees fh etre rue 
Including Clinical and teaching skis, a Cord, 


“The successful cancidate wil full hisyhor clinical duties withthe University 
‘Medical Centre Manna; 0 this end he/she wal bo 


Full Per Yoh of eal of Internal Medicine 


Peters Lop gored 
‘The Ful Professorship wil be a tenured positon. The success! candidate 
shoud have a record of qualifications in al areas of heriickogy 
‘and oncology care, and research. He/she shoud 
tecure ight iva patent cere occa and odpatnt area ot 
homato-oncology,. magma ry Wa oe tm 
onfomato-oncee ‘alogonoic bone marrow 
t ation, ara the candidate shoud 


Sime anor Cates Manin. 
Not Acute and Chronic Loukernias” and the “European Leukema Net”. 


Ag a eccandert once ox, tha cana shoud actly 
In the fakd of clinical and molecular wit a focus on 


Including rosistance, 
targot identification and stom colls. Ha/she is furthormore 
tact extramural funang by rat appicasone to nom uworsy Ado 


Dave Jensen 
Industry 
Recruiter 


Science 
Careers 
Forum 


* How can you write a resume that 
stands out in a crowd? 

* What do you need to transition from 
academia to industry? 

* Should you do a postdoc in academia 
orin industry? 


Let ScienceCareers.org help you answer 
these questions. ScienceCareers.org has 
partnered with moderator Dave Jensen 
and four well-respected advisers who, 
along with your peers, will field career- 
related questions. 


Visit ScienceCareers.org and 
start an online dialogue. 


ScienceCareers.or; 


SENIOR RESEARCH FELLOWSHIPS 
IN BASIC BIOMEDICAL 
SCIENCE 2007/2008 


put treland 


Further information and preliminary application 
forms are available at www.wellcome.ac.uk/uksrf 


em |NTERNATIONAL SENIOR RESEARCH 
FELLOWSHIPS IN BIOMEDICAL 
SCIENCE 2007/2008 
Czech Reput Hunga 


Poland/Indi 


Further information and preliminary application 
forms are available at www.wellcome.ac.uk/isrt 
Preliminary applications for both schemes must be received by 8 June 2007 
Full applications for both schemes will be invited by 6 July 2007 


The Wellcome Trust is the largest charity in the UK and the second largest medical research charity in the 
world. It funds innovative biomedical research in the UK and internationally, spending around £500 million 
each year to support the brightest scientists with the best ideas. The Wellcome Trust supports public debate 
about biomedical research and its impact on health and wellbeing 
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Ny WestVirginiaUniversity 
ROBERT C. BYRD HEALTH SCIENCES CENTER 
Hubert A. and Hazel L. Shaffer Chair of Human Genetics 


The Center for Neuroscience (ww 
Medicine and Psychiatry (ww 


swvu.cdwiwyucn/) and the Department of Behavioral 
som/bmed) at West Virginia University are secking 
bert A. and Hazel L. Shaffer Chair of Human 
jolecular genctics oc pharmacogenctics related 10 

cs. The selected candidate will be appointcd Asso- 

ciate oF Full Professor in the Department of Behavioral Medicine & Psychiatry and lead his or her 
‘own rescarch group and assume a lead role in opment of translational research in 


oring junior faculty. The position offers a competitive salary and 
a strong rescarch peogram at the Health Seiences Center. 


wnpraximately 20,000 undergraduate 
‘enter includes the Schools of Medicin« od Nursing. cach with 
health professional and graduate programs, Two new rescarch buildings are under construction on 
Sciences campus to jodate our aggressive research growth agenda. Patient care 
cs ineluds a 460-bed University Hospital (Ruby Memorial) with a new, 90-bed addi 
x ic hospital (Ch town is rated as 
small cities in the U-S. with affordable housing, excellent schools, a picturesque countryside, and 
"many ouldoor activities (WW Wamorgantown.com). 


Review of applications will con 


Nest Virginia University is an Affirmative Action/Equal Opportunity Emplover 


School of Medicine 


Clinical Department of Medicine and Therapeutics 


Research Fellow in Cell 
Signalling/B Bone Biology | 


‘An exciting opport 7 
(ntpsiwwvwad c. 

Grant from the A res to characterne 
new signaling, path B the 


state-of-the-art Institute 0 


You must ha 
appropriate level of expe 
xperience in molecular bo 
Sal 
fora penod of up 


Informal enquires 1 f Mike Rogers (e-muit \jrogersabn 2c 


‘Online application forms and further particulars are available from wwwabde.ac.ukjiobs 
Alternatively telephone (01224) 272727 (24 hour answering service) quoting reference 
‘umber YMT 66RX for an application pack. 


Closing date: 10 May 2007, 


Promoting Diversity and Equal Opportunities throughout the University 


UNIVERSITY 
or ABERDEEN 


What’s 
your 
next 
career 
move? 


Get help 
from the 
experts. 


www.sciencecareers.org 


* Job Postings 
* JobAlerts 


* Resume/CV 
Database 


* Career Advice 
from Next Wave 


* Career Forum 


* Graduate 
Programs 


* Meetings and 
Announcements 


% Singapore Invites Applications for the # 
Singapore Translational Research A. ae 
Danish cc iesce (“STaR”) Investigatorship Awards Soro “efor 


A.unique and innovative opportunity for outstanding, 
Translational and Clinical Research Investigators. 


‘STaR INVESTIGATORSHIP. 

The STAR lnvestigatorship Award (s a prestigous award, jointy offered by the Singapore Ministry of Heath's National Medical Research 
Council (NMRC) and the Agency for Science, Technology and Research (A*STAR), to recognise and support investigators with outstanding, 
‘qualifications in translational and clinical research. This award is part of the Biomedical Science Phase I! initiative to promote translational 
‘and clinical research in Singapore. 


Tenable in Singapore, STAR Investigators can either be part of the team leading or contributing to the Translational and Clinical Research 
(TCR) Flagship Programmes jointly supported by A*STAR and NMRC), or start @ new research programme which can potentially advance 
Singapore's priorities in biomedical research and healthcare. STaR Investigators may also spend up to 20% of their time engaging in direct 
patient care in Singapore. 


In keeping with the international status of the STaR Investigatorship Awards, recipients will receive very competitive research support 
and remuneration, appointments at A*STAR’s Singapore Institute for Clinical Sciences (SICS) as well as tenure-track appointments at the 
‘National University of Singapore's (NUS) Yong Loo Lin Schoo! of Medicine, or Duke ~ NUS Graduate Medical School (GMS). 


Three categories of the STaR Investigatorship are available: 


[i] Distinguished Senior Investigator (OSI) A separate but related cal for proposals for 

{i Senior investigator (S1) ‘TOR Flagship Programmes is also open to local 

{Wl tovestigator (INV) Institutions in Singapore. in the following disease 

‘Successful candidates will receive 5 year support for DSI and SI, and oriented areas: cancer, cardiovascular/metabolic 

3-to 5 year Support for INV. The awards are renewable for further terms | disorders, neurosciences, infectious diseases and 

cialis ‘oye diseases. TCR Flagship Programmes should 

Profile of n Stak investigator: ‘seek to integrate, coordinate and leverage on the 

‘+ Medically qualified doctors (MDs) or PhDs active in transtational and pe eee ae ee 
Clinical research or who conduct research that involves integrating, from basic science to clinical research, and be highly 
basic scientific discoveries with clinical applications ‘competitive with the potential for the supported 

+ You may be a physician scientist, clinical investigator, population ‘programme to be an international leader. It's not 


Keneticist, epidemiologist, health services researcher or an investigator | necessary for applicants to be part of the TCR Flagship 


engaged in other kinds of population-based biomedical research ficeoge his ciate ratio ert 
‘+ Applicants should have a strong track record of scientific achievement — 
land impact in translational and clinical research 


‘The STaR Selection Panel includes: 

+ Professor Tan Chorh Chuan (Deputy Chairman, A*STAR}) 

+ Professor Edward Holmes (Executive Deputy Chairman. Clinical Transiational Sciences, A*STAR Biomedical Research Council) 

+ Professor Sir David Lane (Executive Deputy Chairman, Biomedical Sciences & Technology, A*STAR Biomedical Research Council) 
Professor Edison Liu (Executive Director, Genome institute of Singapore) 

+ Professor Judith Swain (Executive Director, Singapore Institute for Clinical Sciences) 

+ Professor John Wong (Dean, Yong Loo Lin School of Medicine, National University of Singapore) 

+ Professor Sanders Williams (Dean, Ouke ~ NUS Graduate Medical Schoo!) 

+ Professor K Sathunanatham (Director of Medical Services, Ministry of Health) 

+ Professor Malcolm Paterson (Scientific Director, Office of Research, Singhealth) 


Shortlisted applicants will be invited to Singapore for @ 3- to 5-day vsit for in depth interaction with the scientific community, including lead 
Investigators from shortlisted Transiational and Ciinical Research Flagship programme proposals, to better understand the local research 
‘support and environment, and to meet with the STaR Selection Panel. 


Interested applicants, please complete your application using the prescribed STaR Application Form (available for download 
‘on NMRC website) and send it to the following address before 02 July 2007. 5pm Singapore time (+0700 UTC/GMT) : 


‘Singapore Translational Research (STaR) Investigatorship Awards 
‘National Medical Research Council 


11 Biopolis Way #09-10/11 Helios Singapore 138667 
Email: MOH_NMRC@moh.govse 
‘You may refer to the website for more details at: http://www.nmrc.gov.s6/_ 
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Does your next career step 
need direction? 


j 1 got the offer ve been 

dreaming of 
With thousands of job postings, v7 
it'sa lot easier to track down a / 5 


Iwant a career, 


notjust a job 


3S 


There's only one plac 


for career advice if you value the 
expertise of Science and the long experience of AAAS in supporting 


ScienceCareers.org. The pages of Science 
and our website Sc 


ands. 


job postings ‘* Funding information 


Career advice articles and tools Net 


working opportunities 


www.sciencecareers.org 


ScienceCa: 


Ifit’s the latest technologies 
and newest reagents you're after, 


niss the life science technology 


features in Science. 


UPCOMING FEATURES. 
June 1— RNAi - miRNA 
June 22—Cell Signaling 2 


Microarray Technologies 


August 24 


Get the experts behind you. | 


www.ScienceCareers.org 


* Search Jobs 


* Job Ale 
* Resume/CV 
Database 


* Career Forum 


* Career Advice 


* Meetings and 
Announcements 


* Graduate Programs 


An 


BIO KOREA 2007 


CONFERENCE & EXHIBITION 


www.biokorea.org 


Make the most of your three days at BIO KOREA 2007 
from 12 to 14 September at COEX, Seoul. 


BIO KOREA 2007 will give you an overview of the developments in Korea's bio industry 


in the center of the world’s most dynamic and fastest growing market and offer 


to expand business networks internationally and domestically 


= CRO, CMO, CSO, Patent and Legal Services, Venture Capitals, 


Consulting Companies 
= Medical Devices & Lab Equipment 

~ Bio-Clusters, Academic Research Centers, et. 
1 Conference 


Plenary Sessions & Bio Seminars 
110 Speakers, 15 Tracks & 47 Sessions 


m Business Forum 
Company Presentations & Partnering 


Organized by 

Korea Intemational Trade Assocation [KITA] 
Korea Heath Industry Development institute KID 
‘Chungcheongbuk-do [Chungbuk Provincel 
Contact Us 

Tel:82-2-6000-5118 E-mail :biokoreaita net 
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POSITIONS OPEN 


ASSISTANT PROFESSOR (VISITING) 
Endocrinology 

The Biology Department of St. Lawrence Univer 
sity invites applications for 4 one-year vBitng pont 
tion at the Ausatane Profesor level beginning ll 
3007 A PhD. Gndiing abuts) ae 
‘ocrology or a related Bld with a major emphasis 
Sf the cellular or physiology level required 

The succesaleandaate wll be eapecte to seach 
an endocrinology course in the fall alongwith 3 
“our in human anatomy (or 3 related pyology 
bared coun). 

Two spring semester courses are expected. Pre 
ferred course inde reproductive phywology, cell 
Iiology /astems evel biology, neuropbsiology is 

cis 3 pom 
on Wi hed in the ll 8 3 
tenure-track appoiatncat. This pus the opcning of 
new faites ai the portunity to gai teaching 
experience at 4 quality Hberl arts and scence unt 
Seraty fing. We encourage appbcxtions fom 
nuilates who bring dene cul, cthniy and 
faonal perspectives to their scholuship and eaching 

The sucecwfl candidate may have the option 
patcipate in the continued development of our in 
tratatory Balog courses towans & one Nes 
tional, ie, and penoralaed 
Team 

A demonstrated expert in the use of computers 
and instrustional tecinologis fs prefered. 

Interested canthtes shout subi 4 eter of a 
pliction, curnicuim vita, ant eatement of teach 
Ing experience and plilonophy that eft innovative 
and progressive pedagogies, and have three letters 
‘of stommensation forwandat tor Dr. T. Budd, Br 
‘logy Deparement, St Lawrence University, Romexla 
Drive, Canton, NY" 13617. Appicanins wil be 
reviewed unt the position fled 

‘St. Lawrence Univenity, chartered x 1856, is 
Mest coeducational. invert in. New York 

ease sce the University website: hup:// 
wwwatlawu.edw and the biology. homepage a 
website: htp://Ratawu.eds/~biokogy Kir more 
Information, 
St Lace U 


ire an Afirmatre A 
mt Opyrtinty Limydoyer, 
eo with 


PERVISORY RESEARCH FISHERY 

BIOLOGIST, ZP-0482-05 

Department of Commerce 
uncement Number: NMFS-SEFSC. 
3007-0013 

This postion is the CHIEF of SUSTAINABLE 
FISHERIES DIVISION, Southeast Fisheries Sei 
‘ence Center, National Marine Fisheries Service, Na 
tional Oceanic and Atmospheric Administration, 
located in Miami, Flor 

The incumbent, it addition te having supervisory 
responsibilities, guides the development of scientific 
advice in direct support of fishery management pla 
ars the sustainable use and conservation of marine re 
Sources; coordinates scientific interactions with fishery 
management councils, international organizations, 
state, territorial and federal agencies and other con: 
stituent groups; and promotes the wide application 
of results dhrough publications, peesents 
tions, authoritative report, and analyses 

‘Marina N, Derksema 

‘Telchone: 206-526-6817 

Fax: 301-562-8968 


E-mail: marina.derksema@ noaa.gov 


Job 


POSTDOCTORAL FELLOW/RESEARCH 
ASSOCIATE with experience in virology to join 
‘group which prspares “sced” viruses forthe aaa in 
fluenva vaccine. Fouss wil be on development of high 

cld/gronth type B inhucnea vinises. Send resume 
to: Dr. Doris Bucher, New York Medical College, 
Department of Microbiology and Immunology, 
Valhalla, NY 10595, or email: doris bucheré 
aymceds. 
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FACULTY POSITION, Molecular Pathology. 
The Department of Pathology at the University 
website://herp:// 
medicine. uesd.edu/Pathology, sccks a PATHOL 
SGT AD SEND ETD eal steeper 
anatomic pathology research program The sclected 
individual will assume primary responshility for cw 
tablishing first-rate tinue-banking enterpase and re 
search procedures for stateofthe art molecular and 
morphelogis aah of human Gewsc. Traning in ana 
omic pathology fs necessary. Appointment #8 availa 
bile at the ASSISTANT, ASSOCIATE, or FULL 
PROFESSOR kvel, Clinical responsibilities will be 
assigned depending on expencnce and qualifications 
‘Candidates should possess or be eligible to obtain a 
state of California medical Beense, have strong area 
specific publications, an understanding of the use of 
one cxprenion profiling and protcoric techncdogics 
fn the anahais of hus 
re we 
an academic carcer. Rank will be commensurate with 
experience. Salary will be consistent with estab 
lished UCSD pay scales. Mease forward application, 
letters addressed to Search Committee Chair, Dr. 
Noel Weidner, together with curriculum vitae and 
namer/addrescs of at last Uwce references, cae oF 
Ms. Catherine Schumacher, Search Coondinator, 
Department of Pathology 0717, University of Cal 
ifornia San Diego School of Medicine, 9500 Gilman 
Drive, La Jolla, CA 92093-0717. Applicanons by 
femal are acceptable to e-mail; edschumacher@® 
Uead edu, Review of applications will begin June 2 


2007, and wil 46 
Jinnsie sion Equal Orporty Ex 
‘retail comune w carton Hvengh die 


FACULTY POSITION 
Pulmonary Center, Boston University 

We are solicting applications for a position at the 
ASSOCIATE or ASSISTANT PROFESSOR level 
to join our Stem Cell and Lung Development Peo 
gram, We area highly enllberative/interactve group 
ecking to expand ity rexarch scene, Applicants must 
hive a Ph.D, MD, VM.D/D.VML or equivalent de 

i be interested in basic questions relating 

Cell biology, gene regulation, signaling, genetics in 
fmammafian and other moxlel organisms, or an arc 
thar can be integrated into our multidacplinary pro- 
sam. Generous support packages are avai 

Candidates shouk! submit a PDE file with cur: 
fe esearch interests, ard 
arrange for Submision of thave reference 
letters to: Alan Fine, M.D., e-mail: afine@bu.edu 
or Wellington Cardoso, M.D., Ph.D., emai 
weardoso@ bu.edu. Pulmonary ‘Center, Boston 
University, 715 Albany Strect R304, Boston, MA 
211s. 


POSTDOCTORAL POSITION available at the 
partment of Anatomy and Physiology, Kansas State 
Unnerity, to study NumethyED-agparate recaptor 
reguition. Ph.D. in neuresccnce pharmacology OF 3 
rebated felt is required. Experience with molecular b 
‘ology techniques and mammalian cell culture is ewer 
tial. Screening of applications will begin April 30, 
2007, aral continue tntil poniicn i file. Subst lt 
‘er of interest and curriculum sita, along with names 
and address of thrce references, ckctronically t0 
De. Antje Anji (e-mail: aanji@vet ksu.cdu). 


POSITIONS OPEN 
POSTDOCTORAL POSITION 
in Neurodegenerative Disorders 

(Canadian Institutes of Health Research-Funded 

Weare a dynamic, energetic, and well-funded lab- 
oratory focused on mechanisms of neuron death ard 
feuron-glial communication in stroke and other 
degenerative disorders of the brain, While speatic 
‘opportunitics are available in monise models of stroke 
and multiple sclerosis, candidates will have access t0 
4 wide vancty of technical capabilities to facilitate mul: 
tidisciplinary approaches. Candidates. will enjoy an 
environment that encourages interaction and full 
Participation in intellectual development of research, 
projects. Multiple collaborative avenucs are avaiable 
toward this end. St. Bonifice Hospital Rese 
is a research institute and part of 
Manitoba located in Winnipeg 
2000 ‘with sareof-the-art rewourees for molkculss/ 
‘lular biology, single photon and 2sphoton imaging, 
dnd small and large animal surgery, Applicants 1 
have demonstrated scientific productivity, and are 
expected to work both independently and in a team 
setting. An M.D. or Ph.D. ta neurobiology or a re 
fated field is required, Salary will be commens 

ith experience and publications, Please send cur 
umm vitae and contact information for at fast 
two references to Dr, Chris Anderson by e-mai 
eanderson@sbrc.ca. 


University of California, San Franci 
Position in the Laboratory of Molecular F 
nology at University of California, Sin P 
requires skills in protein chemistey andl computation 
factors involved i 

seroidogenesi (sce website: http: //uesf.edu/ 
‘wlnilab). Sond letter, curriculum adress / 
telephone/e-mail of at least three references. 10 
Professor Walter L. Miller, HSE 1401, Universi 
ty of California, San Francisco, CA 94143-0978, 


We deliver — 
customized 
job alerts. 


EZBiolab 
Custom Peptide 10mg 90%: $19.59 

AB Production $785 peptide included 
Gene Synthesis $1.20p 
SIRNA — 20nmol PAGE purified: $285 


ezbiolab.com 


ANATOMY/CELL BIOLOGY 
FACULTY POSITION 
The Edward Vin Vingnin College sf Oscopathic 
Maine (VCOM) invites applications for 3 tenure 
tack, qpen-cank faky postion in the discpline of anat 
‘omy and physiology VCOM is a post-haccalaureate 
[professional medica college located in Blacksbur 


Virginia. For more informabon on ths position, please 
‘ist our website: httpe/ /www.xeom.vtedu. 


0 Labeling Reagents 
CAL Fluor /Quasar~ Amidites, 
t for 5' & Int. Modifications 
feeeoct Specialty Amidites 
BIOSEARCH — +1.800.GENOME.1 


TECHNOLOGIES 


wawsciencecareers.org 


What if staying up to date with the 
latest technology published in journals 
and patents were as easy 
as pushing a button? 


It is. 


With the “Keep Me Posted” alerting feature, SciFinder sends you 
automatic updates on areas you—and your competitors—are interested in. 


You can monitor specific research topies, companies, 
how frequently you receive n ly, monthly 
The service isn't just convenient, it's 


suthors, substances, oF sequences, and choose 
or weekly 
edibly current. Journal article records often appear in 
SciFinder before they're even in print. New references, substances, and sequences are added daily 
Parents from all the major offices are added within two days of issuance 

As with all SciFinder features, Keep Me Posted is integrated with your workflow. Atany pointin a 
search (including the beginning), simply click on the Keep Me Posted button. SciFinder 
steps and will generate the appropriate alert—even for complex topics. When 
notificati ou would in a search: find cit 
links to the electronic full text), and follow refere 


ks your 
ceive a 
or cited articles (with 
‘ed substances and reactions for further inform: 
, intuitive, seamless—SciFinder doesn't just alert you, it’s part 

-753-4227 (North America) or 614-447-3700 (worldwide) or visit 


. you cin follow each referene 


as 


Comprehensiv 
find out mor 
wwwieas.c 


the process. Te 


SciFinder’ 


Part of the process.” 


CS A division of the American Chemical Society. SciFinder is a registered trademark 
of the American Chemical Society. “Part of the process” is a trademark of the American Chemical Society. 


Powerful, Multi-modal 
Molecular Imaging 


Now so easy 
everyone is 
lining up to do it! 


NEW 
The In-Vivo FX P\ nbines high-sen a ular Imaging and high resolution Digital 
raphy ani al localization of molecular and cellular biomarker 
utomated features includ 
Computer-controlled excitation and e fi utstanding 
fluorescent imaging sensit ani 1 nm 
n, aut ani atat ult 
raphic and c 
ay or ral agin, out 1g the st 
you're performing t apse tribution, mt avelength flu 
X-ray, or a 1 dalities, the In-V X Pro fully automates the 
pL atat and ease-of-t 


process for an entirely new level of sensitivity, thr 


INTRODUCING 
tions which are uniqu 
a a ral 
al distin 


Outsid U + ‘86-5657 
www. kodak.com/go/invivo4 


Kodak 


